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Abstract

Computational Fluid Dynamics Simulation of Rain-Wind-Induced Vibration of Stay Cables
By
Hongfan Wang
Supervisor: Prof. Anil Kumar Agrawal
Due to the large amplitude, frequent occurrence and severe consequences, the rain-wind
induced vibration (RWIV) of stay cables in cable-stayed bridges has been investigated extensively
by researchers around the world. However, the underlying excitation mechanism is still unclear.
Recently, computational fluid dynamics (CFD) simulation has been widely applied in the research
on structure vibrations due to dynamic wind loads, with great potential as an alternative tool for
wind tunnel testing. It has also been adopted to investigate the RWIV, but only a few studies have
been conducted so far. Furthermore, most of the CFD simulations reported in literatures are twodimensional, and a circular cylinder has been widely adopted to represent the stay cables. Thus,
only the wind flow normal to the stay cable axis has been taken into account. Such simplifications
may be inappropriate, since some key factors are completely ignored, such as the wind flow
parallel to the stay cable axis, the spatial orientation of stay cable, etc. Therefore, the CFD method
has also been chosen in this dissertation, but with a new modeling approach-using a twodimensional skewed elliptical cylinder to represent an inclined stay cable. Extensive simulations
have been conducted for this case to investigate the role of the upper rivulet in the RWIV, by
examining the related aerodynamic forces acting on the cable models. Two key parametersairflow speed and the rivulet location have been focused on.
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The simulation results show that the upper rivulet may play an important role in the RWIV of
stay cable. When the rivulet is located within a certain critical range, the aerodynamic force
coefficients change significantly not only in amplitude but also in frequency. In particular, a kind
of “beat” phenomenon has been extensively observed on the time histories of the aerodynamic
force coefficients, especially on the drag coefficients. Some extremely low frequency components,
which are in a magnitude of only one-half or even one-third of the corresponding classical Kármán
vortex shedding frequency, have been found to be present extensively with remarkable spikes in
the PSD plots, even act as the dominant frequency. Moreover, they are quite close to the natural
frequencies of the porotype of stay cables in lower order modes, and thus may account for the
RWIV. In addition, the elliptical cylinder without rivulet was simulated too and similar lowfrequency components have been identified too, which may explain the “dry-cable vibration”
observed on site. It has also been found that the Strouhal number drops to a certain degree for the
rivulet within this range, and more importantly it can drop abruptly to a significantly low level for
the rivulet at some critical positions within the range of 60°≤ θ ≤ 75° with wind speed U = 8.0~16.0
m/s, which is consistent with the experimental results reported by other researchers. The airflow
around the elliptical cylinder were also reviewed too. The instantaneous vorticity contours
demonstrate that the vortex pattern in the downstream has been significantly affected by the upper
rivulet not only in strength but also in period. Therefore, the RWIV and the “dry-cable vibration”
may be explained as a type of vortex-induced vibration dominated by low frequency due to either
the spatial orientation of stay cable or the upper rivulet at some critical locations, or both.
In addition to the new modelling approach, the regular modeling approach frequently adopted
by other researchers, i.e., using a two-dimensional circular cylinder to represent the stay cable, has
also been used to simulate based on the same cable model and rivulet for contrast. Comparisons
iv

have been made between the simulation results based on the two approaches, as well as with the
experimental results. The simulation results based on both two approaches agree with the
experimental results in certain aspects, such as the variation pattern of the aerodynamic
coefficients versus the rivulet location. However, there are large discrepancies in amplitude
between the simulation results and the experimental results, and it may be attributed to the threedimensional spatial effect between the cable model and incoming wind, which is not included in
the current simulations. Although low frequency components have also been found in the
simulation results based on the circular cylinder, they are not as extensive as in the results based
on the elliptical cylinder. Moreover, they are much larger and therefore may not be able to explain
the RWIV of stay cables or the “dry cable vibration”.
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Introduction

1.1 Research Background
Over the past decades, many cable-stayed bridges have been built all around the world by
virtue of their outstanding advantages like high structural efficiency, economical benefits, etc.
They are more suitable for the long span within the range of 200 to 1000 meters. The top ten cablestayed bridges completed in the world with longest main span are summarized in Table 1.1. As of
2019, The Russky Bridge (Vladivostok, Russia) is the longest cable-stayed bridge in the world and
its main span is up to 1104 meters long, as shown in Figure 1-1.
Table 1.1: Top ten cable-stayed bridges completed in the world
Rank

Bridge

Main Span (m)

Country

Year Completed

1

Russky Bridge

1104

Russia

2012

2

Sutong Yangtze River Bridge

1088

China

2008

3

Stonecutters Bridge

1018

China

2009

4

Edong Yangtze River Bridge

926

China

2010

5

Tatara Bridge

890

Japan

1999

6

Pont de Normandie

856

France

1995

7

Jiujiang Yangtze River Expressway Bridge

818

China

2013

8

Jingyue Yangtze River Bridge

816

China

2010

nd

9

The 2 Wuhu Yangtze River Bridge

806

China

2017

10

Incheon Bridge

800

South Korea

2009

Figure 1-1: Russky Bridge
(Source: https://en.wikipedia.org/wiki/Russky_Bridge)

1

With some outstanding advantages, such as the high tensile strength of steel and the efficiency
of simple tension, stay cables play an essential role in long-span cable-stayed bridges. However,
due to the inherent characteristics of extremely low level of damping (intrinsic damping ratio in
the range of 0.05~1% by Kumarasena et al. (2007)), relatively light weight and high flexibility,
stay cables are highly susceptible to oscillation caused by many environmental factors, such wind,
rain, dynamic traffic movement, the combined actions between them.

Of all such oscillation

excitation factors, wind is the most significant and thus wind load must be included during the
design process of stay cables in cable-stayed bridges.
Under wind excitation, stay cables of cable-stayed bridges may exhibit a variety of
aerodynamic and aero-elastic behaviors, such as vortex-induced vibration, galloping, buffeting
response. Because of the much larger vibration amplitude (maybe up to multiple times of the
diameter of stay cables), lower frequency and more frequent occurrence, rain-wind induced
vibration (RWIV) of stay cables occurring under the combination of rainfall and wind is the most
severe one. It was addressed for the first time by Hikami in 1986 at Meiko-Nishi Bridge in Japan
during its construction stage (Hikami, 1986). After that, this phenomenon has been observed on
the cable-stayed bridges all over the world. Some reported cases are summarized in Table 1.2. This
table also includes cable vibrations reported earlier, but can be classified into such vibration.
It has been considered that RWIV of stay cables accounts for about 95% of the reported
vibration problems in cable-stayed bridges (Wagner and Fuzier, 2003), and severe consequences
may be induced by such large-amplitude vibrations, including:
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Table 1.2: Reported Cases of Rain-wind induced Vibrations
Location

Bridge

Year

Austria
China

Anzac Bridge
Yangpu Bridge

China

2nd Nanjing Yangtze
Bridge
Dongting Lake Bridge

2001

2018

Croatia

Sutong Yangtze River
Bridge
Dubrovnik Bridge

Demark

Farø Bridges

1987

DenmarkSweden
France

Øresund Bridge

2004

Brottonne Bridge

Germany

China

China

Since 1995
1995, 2000

2007

2002

Observation
Wind and rainfall
Wind and rainfall

Wind speed 614m/s, rain rate ≤
8mm/h

Max. Amplitude
of vibrations
Up to 1.0m

Up to 0.7m

Edmonds et al. (2011)
Gu et al.(1998), Xiang et
al.(2005)
Shi and Gu (2003)
Ni et al. (2007)

Reported in the news1.
Wind speed
12.9~14.7m/s, light
rainfall
Wind, rainfall

Savor et al. (2006)

Up to 3.0m

1977

Wind speed 14m/s,
rain
Wind and rainfall

Köhlbrand Bridge

1974

Wind and rainfall

Up to 0.5m

Japan

Meiko-Nishi Bridge

1984

Up to 0.55m

Japan

Tempozan Bridge

1986

Wind speed 515m/s, light rain
Rain, wind speed
about 10 m/s

Japan

Aratsu Bridge

1987

Wind speed
10~18m/s, light rain

Erasmus Bridge

1996

Norway

Skarnsundet Bridge

1995

Wind speed about
14m/s, rain
Wind speed up to
13m/s

0.1~ 0.3m,
around two times
of cable diameter
Up to 0.70m

Saudi
Arabia
Spain

Wadi Leban Bridge

2016

Alamillo Bridge

1992-2007

Spain
UK
USA
USA

Puente Real Bridge
Second Severn Crossing
Burlington Bridge
Cochrane Bridge

1995
N.A.
1990s
2002-2004

USA

Fred Hartman Bridge

1996-2004

Wind speed 518m/s, rainfall 10
mm/h

USA

Veterans Memorial Bridge

N.A.

Wind and rainfall

Netherland

Reference

Up to 0.3m

Up to 1.0m

Up to 0.70 ~
0.80m

Langsø, and Larsen
(1987)
Larsen and Lafreniére
(2005)
Wianecki (1980),
Matsumoto et al.(1992)
Ruscheweyh and Hirsch
(1974), Matsumoto et
al.(1992)
Hikami(1986), Hikami
and Shiraishi(1988)
Miyasaka et al.(1987),
Ohshima and Nanjo
(1987)
Yoshimura (1992)

Geurts et al. (1998)
Caetano (2007)
Youtube2.

Wind speed
15~20m/s
Rain and wind
Rain and wind

Casas et al.(2010)
Up to 0.40m

Up to 1.6m, more
than 5~10 times
of the stay cable
diameter
Up to 0.3m

Caetano (2007)
Virlogeux (1998)
Virlogeux (1998)
Irwin(1999), Irwin et
al.(2005)
Witthoft et al.(2008),
Zuo and Jones (2010)

Witthoft et al.(2008),
Zuo and Jones (2010)

Note: 1. http://www.sohu.com/a/248555426_100020332; 2. https://www.youtube.com/watch?v=XN2Ymvoluek
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(1) Serious damages to the structural and non-structural members of bridges directly, such as
girders, stay cables, stay cable sheaths, dampers attached on stay cables, light posts, handrails and
etc.
(2) Fatigue and corrosion problems to cable strands and anchorages in surprisingly short
periods, and therefore resulting in the failure of cable strands and anchorages, cracks or even
fracture of the related connection parts.
(3) The damages aforementioned could further endanger the traffic and pedestrians on the
bridges. Even without any damage, such large-amplitude vibration of stay cables could heighten
public fear and loss of public confidence in bridge safety.
Some serious damage events on cable-stayed bridges due to the large-amplitude vibrations of
stay cables under the action of wind or the combined action of rain and wind are described in the
following,
Event 1: During a typhoon, an inclined stay cable with 187m length on a cable-stayed bridge
in Japan vibrated violently during a typhoon and the amplitude was estimated to be more than
1.5m. As illustrated in Figure 1-2, some part of edge fairing on the curved bridge girder and
handrails around it and the surface of the stay cable were severely damaged.

(a) Stay cable is beating on the bridge

(b) Stay cable is moving away from the bridge

Figure 1-2: Girder damage due to a violent stay cable vibration (Matsumoto et al.,
2010)
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Figure 1-3: Damage of a stay cable due to cable vibration
Event 2: Figure 1-3 shows that the high density polyethylene (HDPE) sheath of a stay cable
on a cable-stayed bridge in Japan was severely damaged during a violent vibration with large
amplitudes, such that the steel strands inside protected by the HDPE sheath were completely
exposed and also damaged to some extents.
Event 3: In March 2005, stay cables on the Dubrovnik Bridge in Croatia underwent violent
vibrations lasting more than 2 hours during an unanticipated storm and the amplitude was
estimated to be up to 2.5m. Thus, as shown in Figure 1-4, some severe damages were caused not
only on the stay cables but also on the anchorage: (1) two stay cables crashed against light posts
nearby and knocked them down, resulting in a heavy damage to the HDPE protective sheath; (2)
the HDPE sheath of one stay cable even detached and slid down, leading to the bare steel strands
up to 7.5m; (3) a number of pretension high-strength bolts at the pylon anchorage loosened and
fell onto the deck, and some bolts at the deck anchorages were loosened too. In May 2006, similar
cable vibration occurred again during a heavy storm. The first six longest pairs of stay cables
vibrated violently for more than 6 hours. The HDPE sheath of stay cable, which were repaired
after March 2005 event, broken again and flew away in the sea below. In addition, high-strength
bolts at the pylon anchorage, replaced after the March 2005 event, broken and fell onto the deck
again (Savor et al., 2006).
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(a) Dubrovnik Bridge

(b) Broken HDPE sheath

(c) HDPE sheath slid down

(d) Bolts fell off at pylon anchorage

Figure 1-4: Damage of Dubrovnik Bridge due to violent cable vibrations (Hrelja et al.,
2009)

(a) Broken wires of stay cable #12

(b) Distribution of broken wires

Figure 1-5: Wires broken in Stay Cable 32 on Saint-Nazaire Bridge due to large
amplitude vibrations (Virlogeux, 2005)
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Event 5: It was found on the Saint-Nazaire Bridge in France that a lot of wires of stay cable #
32 in the downstream direction were totally broken after large amplitude stay cable vibrations,
because the fretting fatigue happened between wires or between wires and the anchorage, as shown
in Figure 1-5.

(a) Stay Cables #9 after the damage

(b) Damge of the anchorage diaphragm plate # 9

(c) Damge of the anchorage diaphragm plate #8 and damage of the pylon in the vinicity

Figure 1-6: Damage of Martin Olav Sabo Bridge due to wind-induced vibration of stay
cable
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Event 6: After a wind lasting for several hours on February 19, 2012, it was found that an
anchorage diaphragm plate (plate #9) of the Martin Olav Sabo Pedestrian Bridge (Minneapolis,
MN) fractured from the pylon and fell off, and thus two stay cables anchored on the plate #9
detached from the pylon and lay across the bridge deck below, as shown in Figure 1-6. The
following inspection identified that another anchorage diaphragm plate (plate #8) fractured
thoroughly too and the steel pylon in the vicinity deformed out of its original alignment with a
large plastic deformation. The investigation by WJE (WJE, 2012) concluded that the failure was
attributed to wind-induced vibrations of stay cables which induced damaging stress range cycles
at fatigue sensitive details in the cable diaphragm plates.
Event 7: In 1996, dramatic oscillations in the stay cables were observed by the Texas
Department of Transportation on Fred Hartman Bridge (Figure 1-7 (a)&(b)) during the weather
conditions consisting of mild-to-high winds (10~40 mph) and light-to-moderate rainfall. The
subsequent inspection revealed that several guide pipe of stay cables at the low anchorage cracked
or fractured as a result of the large-amplitude vibration of stay cables (Witthoft et al. 2008). As
shown in Figure 1-7 (c), a guide pipe had broken loosen from the anchor box (Bosch, 2011).
Event 8: Matsumoto (2010) has presented the damage of an oil damper on some cable-stayed
bridge in Japan. As shown in Figure 1-8, the damper was fractured thoroughly due to the violent
vibration of stay cable during the passing of a typhoon.
Event 9: On August 7, 2018, RWIV of stay cables occurred on Sutong Yangtze River Bridge
in China during the passing of the hurricane “Rumbia”. As a result, the connections between the
viscous damper and stay cable fractured thoroughly on up to five stay cables, as shown in Figure
1-9. Moreover, a related video was uploaded on the Internet and immediately incurred extensive
public fear about the bridge safety.
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(a) Fred Hartman Bridge (Texas, USA)

(b) RWIV captured on Fred Hartman Bridge

(c) Fracture of guide pipe at low anchorage (Bosch, H.R., 2011)

Figure 1-7: Guide Pipe Damages on Fred Hartman Bridge due to RWIV of stay cables

Figure 1-8: Damage of damper on a bridge in Japan (Matsumoto et al. 2010)
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(a) Fracture of the connection

(b) Repair work

Figure 1-9: Damage of the connection between dampers and stay cables on Sutong
Yangtze River Bridge due to RWIV
1.2 Research Motivations
Due to the frequent occurrence as well as the severe consequences, RWIV of stay cables has
drawn significant attention from researchers, and therefore extensive efforts have been made to
investigate this complex vibration phenomenon. In general, the research approaches employed by
researchers include field observation and measurement, wind tunnel test and theoretical analysis.
Field observation and measurement is relatively accurate approach to investigate RWIV, and
recognized characteristics of RWIV are mainly based on it. However, with many uncertainties
involving wind and precipitation, it is extremely difficult to forecast RWIV on the full-scale cablestayed bridges. Thus, only a few of field measurements have been conducted on several bridges
around the world so far. Additionally, all measurements are almost based on only several events
observed during a short term. Consequently, the observations presented in the literatures are not
always inconsistent with each other, even though they are from the same researcher. It has been
recognized that both the orientation of stay cables and wind direction play an important role in the
vibration. Based on the filed measurements on Meikonishi Bridge, Hikami and Shirsiahi (1988)
concluded that the RWIV is only limited to the stay cables which geometrically decline in the wind
10

direction. However, Matsumoto et al. (1990) mentioned that the stay cables with the opposite
inclination can also be excited simultaneously. It has also been reported that RWIV is wind-speed
restricted, i.e., it occurs only for a limited range of wind speed. Hikami and Shirsiahi (1988)
presented that the vibration was observed for the wind speed 7~14m/s. Similar wind speed ranges
were also addressed by other researchers, such as 6~17m/s by Matsumoto et al. (1995) and
6~14m/s by Ni et al. (2007). However, later observations (Matsumoto et al. 1998) showed that the
vibrations were observed with rather high wind speed, which was even up to 40m/s. Rainfall during
the vibrations was identified in field observations by some researchers (e.g., Hikami and Shirsiahi
1988; Ni et al. 2007), and thus it was termed as “rain-wind induced vibration”. It has been believed
that the water rivulet generated on the surface of stay cables during the rainfall causes the vibration.
However, similar large-amplitude vibrations of stay cables without precipitation were also
observed and reported (Matsumoto et al. 1998, Zou and Jones 2006). Therefore, the role of rainfall
in the vibrations is still controversial.
Field observation and measurement are extremely challenging, particularly due to the
uncontrolled factors related to wind and rainfall. In contrast, wind tunnel testing in a controlled
manner has been extensively adopted to study the vibrations. Many wind tunnels tests have been
conducted to attempt to replicate the vibrations observed on sites. Most of these tests were
designed to investigate the role of the upper rivulet generated on the cable surface during rainfall.
Generally, there are two approaches being adopted to simulate the rain rivulet: (a) to create
artificial rain by spaying water appropriately on the surface of the cable model to form the rivulet
(Hikami and Shiraishi, 1988; Flamand, 1995; Cosentino et al., 2003; Gu and Du, 2005; Li et al.,
2010; Chen et al. 2013); (b) to attach an artificial rivulet on the cable surface (Yamaguchi 1990;
Matsumoto et al., 2005; Gu and Du, 2005; Xu et al., 2006; Gu et al., 2009). The former approach
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can simulate the rainfall and rivulet to some extent. While for the latter approach, since the artificial
rivulet is fixed on the cable surface, there is no relative motion with respect to the cable model. In
addition, only a segmental cable or simple cylinder was adopted for the stay cables during wind
tunnel tests with two main boundary conditions: fixed (Gu and Du, 2005; Xu et al., 2006) or
supported by springs (Hikami and Shiraishi, 1988; Flamand, 1995; Chen et al. 2013). With the
fixed boundary condition, the cable model cannot vibrate during tests, the cable model with springsupported boundary condition can vibrate, but the vibration behavior is different from the stay
cables on bridges. For example, a short segmental cable or cylinder can vibrate in very limited
modes, and in most cases the segmental cable or cylinder is rigid, therefore it can only vibrate as
a rigid body. Overall, although the vibration of stay cables has already been replicated in wind
tunnel tests to some extents, there are still some gaps between the vibrations observed on the fullscale bridges and the vibrations captured in the wind tunnel tests, such as the difference between
the natural rainfall, the rivulet generated on sites and the corresponding artificial models adopted
in wind tunnel tests, the dynamic difference between the long stay cables on sites and the short
segmental cable or cylinder adopted in wind tunnel tests. These gaps may not be narrowed or
eliminated without a comprehensive understanding of this complex vibration phenomenon.
Besides filed measurements and wind tunnel tests, researchers have also developed various
theoretical models to explain RWIV of stay cables (Yamaguchi, 1990; Geurts and Staalduinen,
1999; Gu and Lu, 2001; Xu and Wang, 2003; Peil and Dreyer, 2007; Gu et al., 2009). Most of
these analytical models are based on quasi-static assumption, and the stay cable was simply
described by a single degree-of-freedom (SDOF) or two-DOF system under the aerodynamic
forces due to wind. To a certain extent, these models can capture some vibration characteristics of
RWIV of stay cables observed on sites, such as the velocity-restricted and amplitude-restricted
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behaviors. However, nearly all these theoretical models are highly depended on the experimental
studies to provide the essential data about aerodynamic forces acting on the cables. Moreover, due
to high costs, not many wind tunnel tests have been conducted on stay cables and only limited test
results are available. Therefore, the cables in these analytical models are always inconsistent with
the cable models tested in wind tunnels, such as the dimeter, the inclination, the yawed angle, etc.
As a result, they may lead to inaccurate even completely wrong results. In particular, the vibration
mitigation strategies designed by these models may be either underestimated or overestimated, and
thus they cannot mitigate the vibrations well or may even be damaged.
In spite of extensive efforts made by many researchers, a comprehensive understanding on
RWIV of stay cables is still lacking because of the drawbacks of the aforementioned approaches.
With a great advancement of computational technology, computational fluid dynamics (CFD)
method has wildly been employed to investigate the response of structures under wind load.
Compared with the expensive and time-consuming wind tunnel testing, numerical simulations
based on the CFD method is more attractive with respect to costs and efficiency, and it has been
recognized as an attractive alternative tool to wind tunnel testing. More importantly, the complex
flow field around structures can be investigated in detail by using CFD simulations, while it is
extremely difficult or even impossible for the field observations and wind tunnel testing. Recently,
it has been adopted by some researchers in attempt to investigate the underlying mechanism of
RWIV of stay cables (e.g., Li and Gu, 2006; Liu et al., 2007; Yeo and Jones, 2008; Li et. al., 2010).
In addition, it can also provide essential data for the theoretical analysis. Since stay cables with
various geometry, inclinations and yaw angles, etc. can be simulated conveniently, the problem of
inconsistence problem mentioned previously can be eliminated easily. However, not many CFD
simulations on RWIV of stay cables have been conducted. Moreover, a majority of these are two13

dimensional simulations. In addition, stay cable are frequently simplified as a circular cylinder
during the CFD simulations. The drawback in this modeling is obvious, since the inclination and
yaw angle of stay cables, which play a key role in RWIV based on the field observations, are
neglected. Therefore, in this study, a new 2D stay cable model has been proposed to incorporate
the role of the inclination and yaw angle. Based on it, in-depth CFD simulations have been
conducted to investigate the role of the upper rivulet with focus on the aerodynamic forces acting
on the stay cable as well as the complex airflow around it and the underlying mechanism of RWIV
of stay cables.
1.3 Research Objectives
This dissertation is focused on investigating the role of the upper rivulet in the RWIV of stay
cables and the associated aerodynamic forces acting on stay cables by using the computational
fluid dynamics (CFD) method. The main objectives of this research are:
(1) To evaluate numerical CFD methods and find the appropriate numerical model to simulate
the RWIV of stay cables.
Because of the complicated nature of flow phenomena over blunt bodies, it is difficult to
simulate the airflow around the incline stay cable, and therefore it is hard to obtain the aerodynamic
forces acting on the stay cable due to the dynamic airflow. Although some numerical methods are
able to simulate this problem, the computation resource needed may be extremely high or the
simulation time may be too long. Thus, the current CFD numerical methods should be evaluated
to find the appropriate one, which is not only able to simulate such a complicated problem, but is
also acceptable from computational resources and simulation time perspective.
(2) To develop a new modelling approach for an inclined stay cable.
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Generally, the three-dimensional CFD simulation requires extensively high computational
resources and the simulation time is significantly long. Although it has been adopted by a few
researchers, the study presented is not deep enough due to these limitations. In particular, some
key factors of RWIV such as the upper rivulet, the incline angle and the orientation angle were
neglected in their work to varying degrees. Therefore, the two-dimensional CFD simulation was
adopted in this research. In addition, stay cables have been widely modelled as a circular cylinder
in two-dimensional CFD simulations conducted by the researchers in literature. However, the
effects of the inclined angle and the orientation angle have been totally neglected. Thus, a new
modeling approach- elliptical cylinder for the stay cable has been developed to incorporate such
effects for the first time.
(3) To validate the numerical CFD method adopted in this research as well as the new
modelling approach.
Prior to investigating the role of the upper rivulet, the numerical CFD method adopted in this
research needs to be validated based on the two modelling approaches- skewed elliptical cylinder
and circular cylinder.
(4) To apply the aforementioned methodology to investigate the role of the upper rivulet in the
RWIV of stay cables.
With the CFD method and the new modelling approach, parametric studies are carried out to
investigate the role the upper rivulet with focus on two parameters: the rivulet location and the
wind speed. The aerodynamic forces acting on the cylinder are examined in time average and in
frequency domain, and the airflow behavior around the cylinder is also reviewed.
(5) To apply the CFD method on the circular cylinder and make a comparison with the
proposed skewed elliptical cylinder.
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Similar simulation work is also conducted for the circular cylinder case, which has been
adopted widely by other researchers. A comparison study is performed on the results from these
two approaches.
1.4 Outline of the Dissertation
This dissertation presents research work to investigate the RWIV of stay cables by using the
CFD simulation, and it consists of seven chapters.
In Chapter 1, the phenomenon of RWIV of stay cables and its severe consequences have been
introduced. The motivation for the present research has been outlined and the objectives of this
research are presented.
In Chapter 2, a detailed review on the current state-of-the-art on RWIV of stay cable with focus
on the adopted research approaches and related findings is presented. The characteristics of RWIV
and the possible mechanisms are introduced too. Moreover, numerical CFD simulations conducted
by other researchers are reviewed.
In Chapter 3, the numerical method of CFD used in the simulations of this dissertation -the
RANS model with SST k-ω turbulent model is introduced in details.
In Chapter 4, a new modelling approach for the stay cable-elliptical cylinder adopted in our
current simulations is described in details based on the wind tunnel test in a literature, including
the geometry of the stay cable, the geometry of the artificial upper rivulet, the mesh and grid as
well as the boundary conditions. Meanwhile, another modelling approach- circular cylinder which
has been extensively adopted by other researchers is also introduced by using the same cable model
in contrast. Based on these two approaches, the simulations for the cable model without the
artificial upper rivulet are presented and evaluated in this chapter. The results show that the
numerical method –the RANS model with SST k-ω turbulent model is able to capture the airflow
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behavior past the blunt bodies- two-dimensional elliptical cylinder and circular cylinder, in spite
of the high Reynold numbers occurring in RWIV of stay cables.
In Chapter 5, based on the new modelling approach proposed- a two-dimensional elliptical
cylinder and the numerical method- the RANS model with SST k-ω turbulent model, the stay cable
with an upper rivulet has been investigated extensively with focus on the varying rivulet position
and the wind speed, and the results are presented and discussed intensively. It is clearly shown that
the upper rivulet can significantly change the behavior of the airflow past the elliptical cylinder
when it is located within some critical range, and therefore causes the violent variation of the
aerodynamic force acting on the elliptical cylinder in magnitude, especially the drag force.
Meanwhile, it is worth noting that some extremely low frequency components have been
recognized in the time-varying drag coefficients, and also have been demonstrated to play a
significant role in frequency domain, even act as dominant frequencies. Such variation in
magnitude of the aerodynamic forces and low frequency components observed may account for
the RWIV of stay cables in cable-stayed bridges. The role of the rivulet and its varying location
on the airflow have also been examined in this chapter, with focus on the vortex shedding pattern
in the wake and its variation.
In Chapter 6, the simulation based on the other modeling approach- a two-dimensional circular
cylinder is presented and evaluated. The results show that the significant magnitude changes in
aerodynamic forces as well as the low frequency component can also been detected. Also, the two
modelling approaches are compared in this chapter, and the results shows that, to a certain extent,
the new approach performs better in investigating the RWIV of stay cables.
In Chapter 7, the main conclusions obtained from the research in this dissertation are
summarized, and some recommendations for future study in this area are presented.
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Literature Review

As a complex phenomenon, rain-wind-induced vibration (RWIV) of stay cables has not been
well understood in spite of extensive efforts devoted by many researchers. In this research,
computational fluid dynamic (CFD) simulation has been employed to investigate the potential
mechanism of RWIV with focus on the role of the upper rivulet. Prior to conducting the
simulations, a comprehensive understanding of the previous research work is essential. Thus, in
this chapter, the state-of-the-art on RWIV of stay cables will be presented and critically reviewed
in details.
2.1 Rain-Wind-Induced Vibration (RWIV)
Based on the methods employed, the research work on RWIV of stay cables can mainly be
classified into four categories: field observation and measurement, wind tunnel testing, theoretical
analysis and numerical simulation. Therefore, literatures on WRIV of stay cables are introduced
in the following sections according to these four categories.
2.1.1 Field Observation and Measurements
A comprehensive filed investigation on RWIV of stay cables was first conducted by Hikami
and Shiraishi (1988) at Meiko-Nishi cable-stayed bridge in Japan during its construction stage. It
was found that the stay cables vibrated violently under wind load and rainfall. However, the
vibration was significantly different from the widely recognized vortex-induced vibration (VIV).
As shown in Figure 2-1, much larger amplitudes were observed and the peak-to-peak amplitude
was up to 0.55m. Additionally, the frequency of vibration (1~3 Hz) was much lower than that of
VIV. A series of wind tunnel tests were conducted subsequently to reproduce the phenomenon too.
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Based on both field measurements and wind tunnel test results, they concluded that the vibration
is a new type of instability phenomenon due to the combined action of wind and rain. The upper
rivulet formed on the cable surface due to rain changed the cross section of stay cable and therefore
made it aerodynamically unstable. The rivulet can only form on the cable in declining direction
with respect to wind. Thus, RWIV can only occur at the cables geometrically declining in wind
direction. In addition, the vibration is confined to a wind velocity range between the initiating
velocity of rivulet formation and the velocity at which the position of the oscillating rivulet is
shifted to a certain range on the cable surface (e.g., 7~14 m/s as in Figure 2-1). It was also believed
that such instability phenomenon is related to the circumferential oscillation of the rivulet which
changes the cable cross-section periodically.

(a) vibration frequency vs. wind speed

(b) vibration amplitude vs. wind speed

Figure 2-1: Response of cable #14 & 15 in Meiko-Nishi Bridge (Hikami & Shiraishi, 1988)
Yoshimura (1992) presented the field measurements of several RWIVs of stay cables observed
on the Aratsu Bridge during its construction. All the vibrations occurred during light rainfall and
on the stay cables geometrically declining in the wind direction, which were in good agreement
with those reported by Hikami and Shiraishi (1988). It was reported that the maximum peak-topeak amplitude was up to 60 cm, which was around 3.5 times of the cable diameter. Additionally,
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the vibrations were almost all restricted to a vertical plane in the 1st mode. However, vibrations in
the 2nd and 3rd modes were also observed.
Matsumoto et al. (1995) presented some dynamic response of stay cables observed on three
cable-stayed bridges in Japan during some rainy and windy days. As shown in Figure 2-2, all the
vibrations occurs in a restricted wind velocity range 6~17 m/s and the maximum amplitude of
vibration was three times the cable diameters. In addition, it was observed that the longest cable
in bridge G vibrated in the 1st or 2nd modes for the same wind velocity range 8 ~12m/s.

(a) amplitiude vs. wind velocity

(b) Cable virbations on Bridge G.

Figure 2-2: Cable responses obsevered on three bridges in Japan (Matsumoto et al., 1995)
Main and Jones (1999) conducted two long-term field measurement programs on the Fred
Hartman Bridge (Texas USA, over 16 months) and the East Huntington Bridge (West Veirginia
USA, 2 years) to identify and record cable vibration events, and therefore to assess the
effectiveness of a proposed mitigiation system. Based on the data from the Fred Hartment Bridge,
three distinct regimes of cables virbation were identified: no-rain virbation, mederate-rain
virbation and heavy-rain virbation, in which the dynamic responses of cables exbihit distinctinvely,
depending on wind speed and direction. In the absent of rainfall, reltively low-level virbation was
evident. With moderate rainfall, large-amplitude responses were predominant, which agreed well
with the characteristics reported previously, such as velocity-restricted, on the stays decling in the
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wind direction, etc. With heavy rainfall, large-amplitude virbation were observed too at low wind
speed. Moreover, they found that the cable motions were oftern observed in two dimenstrations,
rather than in the vertical plane reported previously. Also, the participation of virbation modes
varied significantly, particularly during heavey rain.

(a) Vortex-induced virbation

(b) Rain-wind-induced virbation

(c) Dry-cable virabtion

Figure 2-3: Vibrations measured on the Fred Hartman Bridge (Zuo et al., 2008 &2010)
Subsequently, Zuo et al.(2008) compared the vortex-indcued virbations (VIV) and the RWIVs
(Figure 2-3) obsreved on the Fred Hartman Bridge during the long-term full-scale measurements
and evaluated them in three dimensinons as well. They conclued that RWIV might be induced by
a vortex-induced type of excitation which is different from the classical Karman vortex shedding.
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Additionally, they suggested that the vibrations of cables can exhibit multple modes due to the
three-dimensional nature of the cable-wind environment. In the following, Zuo and Jones (2010)
presented the same results again, but incorpoarted another type of large-amplitude virbation
observed on the Fred Hartman Bridge and the Veterns’ Bridge without precipitation, named as
“dry-cable” vibraiton (Figure 2-3). All three distinct types of virbation were evaluted in three
dimentions. They conclued that the dry-cable virbation and RWIV may be related to a mechanism
that exist without the occurrence of rainfall and the role of rainrall is to promote or enchance them.
Also, they suggested once again that the large-amplitude virbations, with or without rainfall, might
be due to a type of vortex shedding that is different from the classical Karman-vortex shedding.
Simiarily, long-term field measurement work was also performed by Phelan et al. (2006) at
the Verternas’ Memorial Bridge (Texas, USA) in order to assess a passive migitigation device
installled to control stay cable virbations under wind along with rainfall and substential records
were collected. A large-amplitude virbation event captured at the cable #B14 was selected
representatively and is shown in Figure 2-4. It is very clear that the cable #B14 vibrated violently
with the maximum instantaneous acceleration up to 5.0g. It demonstates that, under some
favorable conditions, the cable will start to virbarte and continuoue to virbatite until one or more
of the parameters causing the favorable conditions cease. In this cases, the virbation began and
continued due to the occurance of (i) rain with wind, (ii) wind speed in the restrictied range, and
(iii) wind from a critical angle for the cable. Also, the virbation stopped when the rainfall ceased.
During this vibraiton, the mean wind speed was 7.6 to 9.0m/s(17 to 20 mph) and the wind driection
was 310° to 340° with an average of 328° in which the cable #B14 was in the declining direction
wirth respect to wind. Additionaly, the cumulative rainfall was 27 mm on avarege and the rainfall
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was in light to mederate category with a rate less than 85.3mm/hr (Main and Jones, 1999).
Apprarently, all the critical conditions for RWIV were met well during this event.

(a) Wind direction

(b) Rainfall

(c) Wind direction

(d) Cable aceleration

Figure 2-4: A RWIV event captured on the Veteran’s Bridge (Phelan et al., 2006)
By selecting a 122m long cable on the Dongting Lake Bridge, Ni et al. (2007) conducted a
continuous 45-day field measurement. Three RWIV events were captured successfully and the
associated data about cable response, wind, rainfall have been presented. One event from this
measurement is shown in Figure 2-5. Based the data, some concludions were drawn: (i) The critical
mean wind velocity to produce RWIV is 6 ~ 14m/s, the critical mean wind direction (relative yaw
angle) is 10°~50°. Lage-amplitude RWIV ocurrs when the rainfall is light to moderate(less than
8mm/h). The virbation reduces significantly or ceases completely when the wind velocity and
wind direction are beyond the ranges; (ii) The cable virbates in two dimenssions, i.e., not only in
the vertical cable plane but also out of the cable plane, similar to that reported by Main and Jones
(1999). The amplitudes of in-plane acceleration response are approximately two times of those of
out-of-plane acceleration response during RWIV; (iii) For the cable monitiored, all the virbatios
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in the three RWIV events were dominated by the 3rd mode, however, the dominant mode may vary
for different resposne segments; (iv) The maximum acceleration response may reach up to 10.0g
during RWIV, however, the corresponding displacement response is not large as expected; (v)
During RWIV, only a few repsonse segments demonstate themselve as single-mode vibration and
the majority are mutliple-mode vibations, i.e, besides the dominant mode, other low-order modes
participate as well.

(a) cable responses

(b) wind velocty at deck level

(c) wind direction

(d) rainfall

Figure 2-5: A RWIV event captured on the Dongting Lake Bridge (Ni et al., 2007)
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Long-term full-scale monitoring was also conducted on the Øresund Bridge (Sweden and
Denmark). Acampore and Georgakis (2011) presented the RWIVs on the four cables monitored
during the period January ~ December, 2010. The monitoring data revealed clearly that RWIV
with the peak-to-peak amplitude larger than 0.2D (D is cable diameter) generally occurred when
the wind velocity ranged 4~18m/s and the rainfall ranged 0~20mm/h. More interestingly, it was
found that RWIV occurred when the relative yaw angle ranged 35°~ 55° and -25°~ -50°, indicating
that RWIV occurred not only on the cables declinging in the direction of wind, but also on the
cables ascending in the direction of wind.

(b) wind velocity

(a) setup of full-scale cable model

(c) wind direction

(d) in-plane acceleration

(e) PSD of in-plane displacement

Figure 2-6: Full-scale test on RWIV (Matsumoto et al., 2003)
Besides full-scale measurements performed on cable-stayed bridges, full-scale measurements
were also conducted on a cable model. Matsumoto et al. (2003) developed a full-scale inclined
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cable model by using a 30m long polyethylene pipe under various weather conditions in the field
in the Shionomisaki Wind Effect Laboratory to investigate RWIV, as shown in Figure 2-6. Three
vibration events were presented, two events occurred under no precipitation, while one event
happened with the precipitation 34.0mm/h. Associated data are shown in Figure 2-6. The PSD
analysis of the acceleration and displacement responses illustrated that the dominant spectral peaks
are at 4.0Hz and 5.96Hz, which are much lower than the frequency of Karman vortices- around
20Hz. Thus, the event with precipitation was thought to be RWIV.
2.1.2 Characteristics of RWIV
As a straightforward approach, full-scale filed observations and measurements is the first
approach adopted by researchers to investigate the phenomenon of RWIV on stay cables. By virtue
of the on-site weather conditions, which are impossible to control, the data of field measurements
has some obvious drawbacks such as extremely poor repeatability. However, they demonstrate
this kind of complex phenomenon more essentially. Therefore, in order to identify the
characteristics of RWIV and the associated environment factors, field observations and
measurements based on full-scale cables are summarized in Table 2.1, including the Meiko-Nishi
Bridge (Hikami and Shiraishi,1988), the Aratsu Bridge (Yoshimura, 1992), and the Tempozan
Bridge (Matsumoto et al, 1995) in Japan, the Fred Hartman Bridge (Main and Jones,1999) and the
Veterans’ Memorial in USA (Phelan et al.,2006), the Yangpu Bridge and the 2nd Nanjing Bridge
in China (Gu et al, 1998), the Erasmus Bridge in Holland (Geurts et al., 1998), the Dongting Lake
Bridge in China (Ni et al., 2007), the Øresund bridge between Demark and Sweden (Acampora
and Georgakis, 2011), and a full-scale cable model (Matsumoto et al, 2003).
The most typical characteristics of RWIV are large amplitude and low frequency exhibited
during the vibration of stay cables. Therefore, RWIV distinguishes itself obviously from the
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classical Karman vortex-induced vibration, which is characterized by low amplitude and high
frequency. Besides these two widely-recognized characteristics, more characteristics of RWIV and
associated environmental factors reported in literatures are introduced below. It should be noted
that some characteristics or environmental factors associated may still be controversial or even
contradictory to each other, since they were reported by various researchers based on their own
observations on different bridges/cables, or by the same researcher, but based on the observations
performed at different periods.
(1) Stay Cable. Table 2.1 shows that the large-amplitude RWIV has been widely observed on
stay cables with the length L0 = 50 ~ 330m, the diameter D =11 ~ 22.5cm and the inclination angle
α= 20° ~ 55°, the fundamental frequency f1= 0.56 ~ 3.0 Hz and the damping ratio ζ = 0.09 ~ 1.04%.
(2) Relations with Wind Direction. Vibrations have been widely observed on the stay cables
geometrically declining in the direction of wind (Hikami and Shiraishi, 1988; Yoshimura, 1992;
Main and Jones, 1999; Phelan et al., 2006; Ni et al., 2007). However, large-amplitude vibrations
have also been observed on the stay cables ascending in the direction of wind (Matsumoto et al.
1990; Main and Jones, 1999; Zuo and Jones, 2006; Acampora and Georgakis, 2011). Moreover, it
has been reported that the stay cables in the both directions vibrated simultaneously (Matsumoto
et al. 1990).
(3) Wind. (i) Wind Speed. RWIV has been reported to be velocity-restricted, i.e., it occurs
only when the wind speed is within a restricted range. For example, 7~14 m/s was reported by
Hikami and Shiraishi (1988), 6~17m/s by Matsumoto et al. (1995). More case of wind-speed are
shown in Table 2.1. In spite of different ranges presented by various researchers, Table 2.1
illustrates clearly that the majority of RWIV events were observed for the wind speed within the
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range 8~14m/s. However, Matsumoto et al. (1995) reported similar vibrations observed at much
higher wind speed, e.g., up to 40m/s.
(ii) Turbulence Intensity. Early field observations showed that RWIV occurred with low
turbulence level of natural wind (Matsumoto et al. 1992). Whereas, subsequent field observations
demonstrated that the large-amplitude vibrations can take place as well under very turbulent wind,
i.e., with very high turbulence intensity (Matsumoto et al. 2003; Ni et al., 2007; Zuo and Jones,
2010).
(4) Rainfall. It has been widely recognized that the rain plays a crucial role in inducing
vibrations, and the majority of large-amplitude RWIV events were observed under light to
moderate rainfall (Hikami and Shiraishi, 1988; Yoshimura, 1992; Phelan et al., 2006; Ni et al.,
2007). However, the vibrations were also observed under very heavy rainfall (Main and Jones,
1999; Zuo and Jones, 2010). Moreover, they were even observed in the windy environment without
precipitation (Matsumoto et al. 1998; Zuo and Jones, 2010). Therefore, the role of rain in RWIV
has been controversial.
(5) Dynamic Response of Stay Cable. (i) Vibration Mode & Frequency. Early field
observations showed that the vibrations were mostly in single mode, rarely in two or more modes,
and as the cable became longer, the modes varied from the fundamental to 4th mode, but the
frequencies of these modes fell in the range of 1~3Hz (Hikami and Shiraishi, 1988). However,
subsequent observations demonstrated that the vibrations were not stationary in single mode, but
exhibited multiple modes simultaneously and the vibration mode varied complicatedly after the
onset of vibration (Matsumoto et al. 1998; Ni et al., 2007; Zuo and Jone, 2008 & 2010). High
modes such as 5th to 6th modes were also observed (Zuo and Jone, 2008 & 2010; Acampora and
Georgakis, 2011). In spite of observations from various bridges, all related dominant frequencies
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were still in a similar range, like 0.8~1.2 Hz by Geurts et al., (1998), 1.07~3.21Hz by Ni et al.
(2007), 1.14~3.42Hz by Zuo and Jone (2008 & 2010) and 1.3~3.2Hz by Acampora and Georgakis
(2011). Therefore, the vibration may exhibit predominantly in a single mode or in multiple modes
simultaneously, and the associated frequencies are mainly in the range of 0.5~3.5Hz during RWIV.
(ii) Maximum Acceleration/Amplitude. The maximum acceleration responses of stay cable
were measured from 5g (Phelan et al., 2006) to 10g (Ni et al., 2007). The maximum peak-to-peak
amplitudes were observed from less than D (D diameter of stay cable, e.g., Acampora and
Georgakis (2011)) to several times of D (e.g., 0.7m by Ni et al. (2007) and Geurts et al., 1998),
even larger than 10.0D (e.g., 2.0 ~2.5m by Matsumoto et al. (1998)).
(iii) Vibration Direction. Early field observations showed that violent oscillations of stay
cables during RWIV were mostly in the vertical cable plane (Hikami and Shiraishi, 1988;
Yoshimura, 1992). Whereas, subsequent filed measurements demonstrated that RWIV are highly
two-dimensional, i.e., stay cables oscillated violently not only in the vertical cable plane, but also
out of the cable plane (i.e., the transverse plane normal to the cable plane), and the in-plane
response of stay cables dominated during vibrations (Ni et al., 2007; Zuo and Jones, 2010).
Although field observation and measurement is a more straightforward and accurate approach
to investigate WRIV, it is extremely challenging, particularly because of the uncontrolled factors
related to wind and rain, such as wind direction, velocity, turbulence, rainfall intensity, etc.
Therefore, only a few full-scale field observations and measurements have been performed during
the past decades. In addition, nearly all the measured data (e.g., data about wind, rain and dynamic
response of stay cables) were obtained around the deck or tower level on cable-stayed bridges,
which are too close to anchorages, since it is almost impossible to measure the wind flow around
cables far away from anchorages, dynamic responses of cables, etc. Thus, the measurement results
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may be unable to reveal the environment conditions about wind and rain, and dynamic response
of cables during RWIV accurately and completely.
Table 2.1: Some field observations and measurements of RWIVs of stay cables
Bridge

L0 (m)

D(cm)

α (°)

m (kg/m)

f1 (Hz)

ζ (%)

U (m/s)

Rainfall

APP(m)

Modes

Meiko
Nishi

65~200

14

45

51

1.0~3.0

0.11~0.45

7~14

M to H

0.55

1st ~ 4th

Aratsu

55~166

16/18

-

-

-

0.16

10~18

L

0.2~0.6

1st ~3rd

Tempozan

183.5

14~20

-

-

0.56

-

8~12

-

1.95

1st ~ 2nd

87.2~179.9

14.1~19.4

21.1~48.9

48~76

0.57~1.18

0.09~0.23

4~20

L to H

-

2nd ~ 6th

50.8/96.9

11.4

21.6

33.3/30.0

2.5/1.27

0.3

6.3~9.8

L to M

-

1st/6th&7th

330.4

11.4

-

-

0.42

0.1

10~15

L

>1.0

-

Fred
Hartman
Veterns’
Memorial
2nd Nanjing
Yangpu

330

12

-

-

0.9~2.6

0.14~0.18

12~17

M

>1.0

-

Erasmus

85~300

16~22.5

22.4~53.7

42.8~70

0.37~0.44

0.13~0.18

14

L to M

0.5~0.7

≥ 2nd

Dongting
Lake

121.9

11.9

35.2

51.8

1.07

0.178

6~14

L to M

0.7

3rd

Øresund

192~262

25

30

91.2

0.47~0.65

0.93~1.04

11~12

-

0.15

3rd to 5th

Model*

30

11

51.6

7.08

1.37

0.126

15.14

L to M

-

3rd ~ 4th

Note: 1. L0 --- cable length; D --- cable diameter; α --- inclination angle of cable; m --- cable mass per unit length; f1 -- fundamental frequency of cable; ζ --- damping ratio of cable; U --- wind speed; APP --- peak-to-peak amplitude of
displacement response.
2. Rainfall: L --- light; M --- moderate; H --- heavy.
3. Model* --- the full-scale cable model measured by Matsumoto et al. (2003).

2.1.3 Wind Tunnel Tests
In consideration of aforementioned drawbacks on field observation and measurements, wind
tunnels have been extensively employed to investigate RWIV, since the environmental conditions
like wind speed, turbulence and rainfall intensity can be well controlled and repeated easily and
therefore their roles in RWIV and stay cable properties including spatial orientations, surface
conditions can be studied in depth. In addition, the measurement also becomes easier and accurate.
Due to the limited size of wind tunnels, all the experiments were performed on segmental cable
models, which are usually circular cylinders with the same dimeter as the stay cables in cablestayed bridges, but much lighter unit weight. Based on the materials used, the cable models can be
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roughly divided into two categories (as shown in Figure 2-7): (i) Rigid Cable Model (Hikami and
Shiraishi, 1988; Matsumoto et al, 1990, 1992, 1995, 1998, 2001, 2003a; Flamand, 1995;
Bosdogianni and Olivari, 1996; Verwiebe and Ruscheweyh, 1998; Gu et al., 2002; Cosentino et
al., 2003a; Gu and Du, 2005; Wang et al., 2005; Xu et al., 2006; Zhan et al., 2008; Gu et al., 2009;
Du et al., 2013; Li et al. 2015; Jing et al., 2015; Ge et al, 2018). The models were made either from
rigid materials like metal or elastic materials, but with higher thickness. Therefore, during testing,
they either cannot oscillate at all or can only oscillate as a rigid body, depending on the restraints
applied; (ii) Flexible Cable Model (Cheng et al. 2018). The models were made from elastic
materials; thus they can oscillate like an elastic deformable body during testing.

(a) Static Rigid Cable Model (fixed at both ends)
(Gu et al., 2009)

(b) Dynamic Flexible Cable Model (spring supported at both ends)
(Cheng et al., 2018)

(c) Dynamic Rigid Cable Model (spring supported) (Gu and Du, 2005)

Figure 2-7: Cable Models Employed in Wind Tunnel Testing
Based on the restraints applied on the cable models, the wind tunnel testing about RWIV can
be roughly divided into two categories too (as shown in Figure 2-7): (i) Static Wind Tunnel Test
(Hikami and Shiraishi, 1988; Matsumoto et al, 1998, 2001, 2003a; Wang et al., 2005; Xu et al.,
2006; Gu et al., 2009; Du et al., 2013; Cheng et al., 2018). In this case, the segmental cable models
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are fixed firmly at both ends, and no oscillation is allowed during testing, except for flexible cable
models. (ii) Dynamic Wind Tunnel Test (Hikami and Shiraishi, 1988; Matsumoto et al, 1990, 1992,
1995, 1998, 2001, 2003a; Flamand, 1995; Bosdogianni and Olivari, 1996; Verwiebe and
Ruscheweyh, 1998; Gu et al., 2002; Cosentino et al., 2003a; Gu and Du, 2005; Zhan et al., 2008;
Li et al. 2015; Jing et al., 2015; Ge et al, 2018). In this case, the segmental cable models are
frequently supported by springs at both ends, which allow the models to oscillate during testing.
Both of these two categories have been widely employed for different research objectives. The
static tests have been performed mainly in order to clarify the excitation mechanism of RWIV.
Specifically, two aspects were focused on, i.e., the water rivulet along the cable axis and the
aerodynamic force acting on the cable. While, the dynamic tests are primarily to verify the results
from full-scale field observations and measurements. Correspondingly, the cable models are
usually well designed to represent the corresponding prototypes in cable-stayed bridges,
particularly in the aspects of spatial orientations and dynamic characteristics like natural
frequencies. Therefore, the dynamic tests have been mainly carried out to reproduce the largeamplitude vibrations observed on bridges and study the associated critical conditions.
It has been believed by many researchers that the water rivulet may be responsible for the
large-amplitude motions of stay cables during RWIV. Therefore, the role of the water rivulet in
such instability phenomenon has been extensively investigated in wind tunnel tests. Based on the
water rivulet designed, the tests can also be divided into two categories (as shown in Figure 2-8):
(i) Artificial Rivulet-Rigid Protuberance (Matsumoto et al., 1992, 1998, 2001, 2003a; Bosdogianni
and Olivari, 1996; Gu et al., 2002; Matsumoto et al. 2005; Xu et al., 2006; Gu et al., 2009; Du et
al., 2013). The water rivulet has been simply modelled by a relatively thin, rigid protuberance
attached firmly on the cylinder surface (i.e., the segmental cable model) along its axis, which was
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frequently employed with the rigid cable model. (ii) Fluid Rivulet-it is frequently Water Rivulet
(Hikami and Shiraishi, 1988; Flamand, 1995; Matsumoto et al., 1990, 1992, 1995, 1998;
Bosdogianni and Olivari, 1996; Verwiebe and Ruscheweyh, 1998; Cosentino et al., 2003a; Gu and
Du, 2005; Wang et al., 2005; Zhan et al., 2008; Li et al. 2015, Jing et al., 2015; Cheng et al., 2018;
Ge et al, 2018). A water spray system has been included to artificially simulate the natural
precipitation environment, therefore two continuous rivulets can form on the cylinder surface
during testing. In the process of water running down along the cylinder axis, the upper rivulet can
oscillate circumferentially on the cylinder surface simultaneously.

(a) Artificial Rivulet-Rigid Protuberance (Matsumoto et al, 2001&2003)

(b) “Natrual” Water Rivulet (Chen et al., 2013)

Figure 2-8: Water rivulet Models Employed in Wind Tunnel Testing
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As introduced above, a lot of the wind tunnel tests have been performed on the segmental cable
models to investigate the mechanism and critical conditions of RWIV. Some notable experiments
are selected and presented in the following.
Hikami and Shiraishi (1998) reproduced RWIV on an inclined segmental rigid cable model-a
polyethylene pipe with spring-supports at both ends and spraying water above. A series of tests
were performed to investigate the characteristics observed on field, such as relation between cable
orientation and wind direction, role of rain, cable frequency and wind speed. The test results
indicated that: (i) the large-amplitude vibration occurred only when the model was orientated in
the declining direction of wind;(ii) the vibration was velocity-restricted and it occurred in the same
wind velocity range for different test frequencies; (iii) during the vibrations, both the upper and
lower rivulets oscillated circumferentially with the same period of the cable motion. They
suggested that the formation of the upper rivulet is essential to the occurrence of the vibration and
the instability mechanism of the phenomenon-RWIV is associated with the periodic change of
cable cross-section due to the rivulet circumferential oscillation.
Matsumoto et al. (1992) conducted a series of wind tunnel testing to investigate the mechanism
of RWIV by using two models: (i) an aluminum cylinder (D =50mm, spring-supported) for the
cable and a thin tape (thickness 1.22mm; width 7mm) for the rivulet and (ii) a polyethylene(PE)
lapped cylinder (D =150mm) under artificial rain. The first model was tested extensively by
varying two aspects: the cable orientation (non-yawned or yawed) and the upper rivulet (with or
without), the second model was mainly tested on the formation of the upper water rivulet. The
results illustrated that RIWV of stay cables could be excited by two factors: “axial flow” in the
near wake of cable and “formation of upper rivulet”. Each one could excite a cable independently.
The cable response can be classified into three types: (i) velocity-restricted oscillation at low
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velocity range; (ii) divergent oscillation at higher velocity range and (iii) both together, depending
on the presence of upper rivulet and its location. It was believed that the former was related to
vortex-induced oscillation due to the fluctuating velocity in and near the wake and the latter was
related to the galloping phenomenon. In addition, the cable response was quite sensitive to the
relative amplitude of cable to wind and the location of upper rivulet. Turbulence effect was studied
too and the results showed that it complicated the cable aerodynamics. Subsequently, more similar
wind tunnel tests were performed by Matsumoto et al. (1995) again focusing on the characteristics
of cable response during RWIV and its fundamental mechanism. They suggested that the response
of cables in RIWV can be classified into three types: (i) “galloping” type, including both divergent
galloping and velocity-restricted galloping, related to a negative slope of the lift force caused by
an “upper water rivulet” and/ or “axial flow”; (ii) vortex-shedding type with long period and (iii)
the mixed type. Particularly, the velocity-restricted response caused by vortex-shedding was
excited by the three-dimensionality of conventional Karman vortex shedding along the cable axis.
Matsumoto et al. (1998) proposed that RWIV might be explained as a vortex-induced vibration
(VIV) at high reduced wind velocity UR, typically at UR =20, 40, 80 and so on. In order to
investigate the mechanism of the VIV at high UR, Matsumoto et al. (2001) conducted a series of
wind tunnel tests on a non-inclined (i.e., inclination angle α = 0°) rigid cylinder (D = 50mm or
54mm) with fixed restraints and spring supported restraints, and with and without an artificial
rivulets. The surface pressure of the cylinder was measured with 48 surface taps installed in a
single line along the axis of the cylinder. Flow visualization was conducted in the wake of the
cylinder by smoke wire techniques and the axial vortex in the wake of the yawed cylinder was
successfully confirmed with such techniques, as illustrated in Figure 2-9(a). It was observed that
the shedding frequency of the axial vortex is three times that of the Karman vortex. They suggested
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that VIV at high UR may arise from the interaction between two types of vortices: the Karman
vortex along the incident flow and the axial vortex parallel to the yawed cylinder, as illustrated in
Figure 2-9(b). Due to the interaction, the Karman vortex was enhanced at every third vertex
shedding, i.e., around UR = 20, 40, 60, 80 and so on. The effect of upper water rivulet was also
studied by measuring unsteady aerodynamic lift forces on stationary yawed cable with artificial
water rivulet. Figure 2-9(c) shows that sharp spikes present in the PSD of unsteady lift force for
the upper water rivulet at 68°~75°, i.e., the low frequency components, were significantly enhanced.
Therefore, the upper rivulet at certain locations may strengthen the instability of VIV at higher
values of reduced velocity. Subsequently, Matsumoto et al. (2003a) continued to study the effects
of water rivulet and wind turbulence by a rigid circular cylinder (D = 54mm, α = 0°, β = 45°). Three
measurements were conducted during tests: aerodynamic lift force of a stationary cable model,
fluctuating wind velocity in the wake of the stationary cylinder and dynamic response of a springsupported cable model. Based on the results, they reiterated the vital roles of upper rivulet and
wind turbulence in the VIV at higher values of reduced velocity. They noted that RWIV might be
explained as such type of VIV. Additionally, unsteady shedding of Karman vortices was observed
and considered as a significant factor.
Flamand (1995) conducted a series of wind tunnel tests on an inclined spring-supported rigid
cylinder (D = 160mm, α = 25°, β = 30°~90°) based on the stays of the Normandie Bridge to study
RWIV and test the effect of the aerodynamic improvements proposed as countermeasures. Three
main factors were investigated: case surface of the cable, wind speed and yaw angle. The prevalent
role of the upper rivulet was verified. The test results also showed that dirt coating on the cable
would allow the movement of upper rivulet on it and consequently excite the oscillation, while the
cable was perfectly stable with clean surface or oil coating.
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(a) Visualized axial vortex in the wake of inclined
cable

(b) Visualized axial vortex and intermittently enhanced
Karman vortex in the wake of inclined cable

(c) PSD of unsteady lift force at upper stream side of stationary cylinder with artificial rivulet

Figure 2-9: Effects of axial flow and upper rivulet on vortex-induced vibration at high wind
velocity (Matsumoto et al., 2003a)
Bosdogianni and Olivaris (1996) employed a small rigid cylinder (D = 40mm, α = 45°, β =
20°~40°) to explore the source of RWIV. The flow visualization showed that liquid accumulated
on the cylinder surface along two lines close to the normal separation point, forming two rivulets:
the upper rivulet and the lower rivulet. In order to simulate such rivulets observed, two solid bars
with different shapes and dimensions were directly attached on the cylinder surface at certain
locations. The associated measurements demonstrated that large-amplitude oscillations occurred
due to the bars. Moreover, the oscillation behaved clearly like galloping and independent of the
bar shape and size within the range of experimental configurations. The experiments were repeated
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with oil and similar oscillations were observed again. Therefore, the rivulet was suggested as the
source of the instability. In other word, the protuberance on certain locations of the cable surface
caused the large-amplitude oscillations, while the motion of rivulet/protuberance has little or no
influence on it.
Verwiebe and Ruscheweyh (1998) conducted some wind tunnel tests on a circular cylinder (D
= 100mm, α = 30°, β = ±0°& 90°) by spraying water to investigate the three exciting mechanisms
of RWIV they proposed. In their tests, RWIV of the cylinder occurred for the wind speed U =
8~30m/s and the maximum model frequency up to 8.9Hz. The results revealed that the cylinder
may oscillate along the incident wind as well as in the crosswind direction, depending on the yaw
angle, the inclination of cable and wind speed. Moreover, the interaction between the motion of
rivulets in the circumferential direction and the vibration of the cylinder were investigated.
Similar to Matsumoto et al. (1992 &1995), Gu et al. (2002) also conducted a series of wind
tunnel tests to investigate the response characteristics of a horizontal cable (α =0°) with artificial
rivulet. A Polyvinyl chloride tube (D = 120mm) was adopted to represent the cable and a small
piece of wood (Size 14.5mm×5mm) was attached to simulate the upper rivulet. The model was
supported by adjustable springs, and furthermore mass blocks and dampers were installed
additionally for an adjusting natural frequency during tests. An extensive parametric study was
performed experimentally with various combinations of natural frequencies, cable masses,
damping ratios, wind speed, yaw angles and rivulet positions, and the associated cable responses
were analyzed and compared with the work by other researchers and existing theories. They
concluded that: (i) the position of upper rivulet plays an important role in RWIV, since the
oscillations of cable model were observed only when the artificial rivulet was located within a
certain range. The effects of lower rivulet and the size of upper rivulet were minor; (ii) when the
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upper rivulet was in the critical range of wind speed normal to the cable axis (β = 0°), galloping
type of vibrations were exhibited by the cable model and its response could be well predicted by
the Den Hartog’s galloping theory. For wind with yaw angle β = 45°, velocity- and amplituderestricted vibrations were observed. For wind with yaw angle 0°<β <45° (i.e., neither around 0°
nor around 45°), mixed type of vibrations were observed. Specifically, the cable model exhibited
the velocity-restricted type of vibration for low wind speed and galloping type of vibration when
wind speed increased to a certain level.
Cosentino et al. (2003a) reproduced the RWIV phenomenon in a wind tunnel using a springsupported iron tube covered by a high density polyethylene (HDPE) sheath (external D = 160mm)
to simulate the cable and a peacock-tail device to generate artificial drizzle. With the sensors
properly arranged, the unsteady pressure field and water thickness around the cable model were
measured for the first time under the rainy excitation conditions.
Gu and Du (2005) performed similar work successfully using a wood cylinder with PE cover
(D = 120mm) as the cable and a water spraying device to simulate the rainy condition. The upper
rivulet and its motion was observed during testing, and the amplitude of cable model with the rain
simulation was significantly larger than that of dry cable model. Therefore, they suggested that the
upper rivulet and its motion are the prerequisite for the appearance of RWIV. An in-depth
parametric study was conducted on several main factors affecting the cable response, such as the
inclination angle, natural frequency and damping ratio of the cable model as well as the wind yaw
angle, wind speed, etc. The tests also showed that: (i) during RWIV, the cable model clearly
exhibited a velocity- and amplitude-restricted vibration, (ii) the most severe RWIV occurred for
the inclination angle of α =30° and the wind yaw angle 30°≤ β ≤ 35°, and (iii) the vibration
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amplitude of the cable model decreased significantly with an increase in the natural frequency and
damping ratio

Rivulet position θ
□: β = 0° with PSP
○: β = 0° without PSD
×: β = 45°
U = 8.0m/s, smooth flow

Figure 2-10: Steady wind force coefficients of various cable models with artificial rivulet
(Matsumoto et al., 2005)
Matsumoto et al. (2005) presented a method to implement the axial flow effects in quasi-steady
(QS) theory and investigated its applicability to the inclined cable aerodynamics. An aluminum
circular cylinder mounted horizontally (D = 50mm, α =0°) in the wind tunnel was used as the cable
model and an rectangular artificial rivulet (thickness 1.6mm, width 3.6mm) was installed on the
surface at angles in the range of 0°~180° from the stagnation point. In addition, a perforated splitter
plate (PSP) was installed in the wake of cylinder to simulate the axial flow effects. Steady drag
and lift force coefficients (i.e., CD & CL) of the circular cylinder with the artificial water rivulet
from various models were measured, as shown in Figure 2-10. Moreover, the axial flow effect was
also studied by comparisons of slope of lateral force coefficient between various models with
different PSP positions. They concluded that the PSPS in the wake of non-yawed cylinder can
incorporate the effects of axial flow on the steady wind force coefficient to a certain extent, and
two factors-water rivulet and axial flow induced the galloping instability of the inclined cables.
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Shape A
Shape B:
Size A
Size B
Size C
(a) Various artificial rivuelt with differcnt shape and sizes(unit: mm)

(b) effect of rivulet shape on aerodynamic force coefficients (D =160mm, β= 35°, U = 14m/s )

(c) effect of rivulet size on aerodynamic force coefficients (D =160mm, β= 35°, U = 14m/s )

Figure 2-11: Effects of artificial rivulets on aerodynamic force coefficients of inclined
cylinder (Xu et al., 2006)
Xu et al. (2006) conducted a series of wind tunnel tests to meaure the drag and lift coefficients
of inclined circurlar cylinders (α =30°) with artificial rivulet, which incorporated the axial flow
effect naturally in comparsion with previous tests on non-yawed horiatonal cylidners. Three
cylinders were used with a diameter of 140mm, 160mmm and 180mm respectively, which were
resprectve of medium, long and extra-long prototype cables of cable-stayed bridges. The Reynolds
number of these cylinders in uniform flow ranged from 9.38×104~1.93×105. A semi-elliptic
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artifical rivulet made of light wood (Shape B & Szie A: 16mm×6mm) was stuck on the cylinder
surface. The test results showed that, with the artificial rivulet, the drag and lift coefficients of
cylinder varied significantly with the rivulet position. The negative slopes in the lfit coefficients
were observered, indicating the potential RWIV. In order to investigate the effect of rivulet shape,
a circular artificial rivulet with a diamter of 16mm (Sahpe A) was also selected. Moreover, two
other semi-ellitpic artificial rivulets (Size B: 10mm×4mm, Size C:8mm×2mm) were inclueded to
examine the size effect. The rivulets and the associated wind foces coeffcients are shown in Figure
2-11. Apparently, the aerodynamic force coefficients were significinatly affected in magnitude by
the size and shape of artificial rivulet. However, their variation patterns was only affected
insignificantly. More parameters such as wind yaw angle, wind speed and cable size were
investigated too, and the aerodynamic force coefficients were affected to some extent, but again
their variation patterns were affected insignificantly.
Gu et al., (2009) conducted a similar work using a large inclined rigid cylinder (D = 350mm,
α =30°) with arc-shape artificial rivulet (two size types: 37.6mm×8.5mm & 47.4mm×17mm)
attached. In this test, 176 pressure taps were properly arranged on the model in four sections to
measure wind pressures on the cable and rivulet model. Especially, pressure taps were arranged in
three rows on the rivulet model to obtain detailed information on wind pressure on the rivulet.
Based on these, both the mean and fluctuating of wind pressures around the cable and rivulet model
were measured against various rivulet positions, and the results showed that the distribution of
mean wind pressure was significantly affected by the upper rivulet. Moreover, the aerodynamic
force coefficients of the cable and rivulet model were obtained through the integration of wind
pressures along the circumference of cylinder, and they varied notably with the change of upper
rivulet position. Subsequently, they (Du et al., 2013) performed more testing to study the effects
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of upper rivulet and wind yaw angle, and presented extensive test results, such as wind pressures
around the cable model and the rivulet model respectively, the aerodynamic force coefficients of
the cable model and the aerodynamic force coefficients of the rivulet model. Based on such results,
several major findings were reported: (i) an inclined and yawed cylinder without rivulet
experiences a non-zero lift force at large wind yaw angle; (ii) the upper rivulet can either enhance
or suppress the Karman vortex shedding, depending on its position and as a results, aerodynamic
forces acting on the cylinder and rivulet may vary dramatically and may eventually result in RWIV;
and (iii) axial flow may have noticeable influence on the aerodynamics characteristics of the
inclined and yawed cylinder, and such influence may be strengthened due to the presence of upper
rivulet.
Besides the cable, the water rivulet has also been investigated extensively by simulating the
rain condition in wind tunnels. Li et al. (2010a) developed an ultrasonic transmission thickness
measurement system (UTTMS) to measure the time-dependent spatial distribution of water
rivulets on the surface of cable model in wind tunnel testing. With it, they successfully measured
the time-dependent spatial distribution, geometry (including the width, thickness and shape) and
oscillation response of upper and lower rivulets formed on an inclined spring-supported cylinder
(D = 100mm) subjected to RWIV. Results from this test on the upper rivulet are illustrated in
Figure 2-12. The measurement results indicate that two rivulet (i.e., a lower rivulet and an upper
rivulet) were formed on the surface of cable model. With respect to the oscillating cable mode, the
lower rivulet was nearly immobile, while the upper rivulet oscillated along the circumferential
direction of cable model and the dominant frequency of its oscillation was almost equal to that of
the cable model during RWIV (i.e., the natural frequency of cable model). For a specific test
conditions (i.e., α =30°, β = 22.5°, U = 7.72 m/s, rainfall intensity = 30mm/h), the mean width of
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the upper rivulet and lower rivulet were 7.96mm and 3.83mm respectively, and the mean thickness
were 0.509mm and 0.623mm respectively.

(a) Time history of width of upper rivulet

(b) Time history of thickness of upper rivulet

(c) Water rivulet contour along circumferential surface of cylinder

(e) Time history of oscillation of upper rivulet

(d) Mean shape of upper rivulet

(f) Frequency of dynamic response of upper rivulet

Figure 2-12: Characteristics of water rivulets measured in wind tunnel testing (Li et al.,
2010a)
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Subsequently, they performed more tests to further investigate the dynamic characteristics of
water rivulet (Li et al., 2010b; Chen at al., 2013). More results were presented, such as water rivulet
state under various wind speed, equilibrium position, amplitude and frequency of upper rivulet
oscillation. The tests showed that RWIV occurred for wind speed within a limited range,
meanwhile the water rivulets formed on the surface of cable model and exhibited three different
states: (i) for low wind speed, multiple continuous upper rivulets formed and slid sideways down
to the windward side of the cable model; (ii) for medium wind speed, a continuous upper rivulet
formed and ran down along the axis of cable model, simultaneously it oscillated steadily in the
circumferential direction. Meanwhile, a continuous low rivulet formed too, but was nearly
stationary in the circumferential direction; and (iii) for high wind speed, the continuous upper
rivulet remained, but the steady circumferential oscillation disappeared gradually with increasing
wind speed. The continuous lower rivulet remained stationary in this case too.
Li et al. (2015) presented a digital image processing method to measure the rivulet motion in
wind tunnel tests. A digital video camera was used to record the detailed movement of the upper
rivulet on the cable model. Then with digital image processing, the time history of the upper rivulet
oscillation along the entire cable model were obtained. The test results showed that the distribution
of upper rivulet along the cable model was non-uniform, even when the cable was in largeamplitude oscillation, while the amplitude of rivulet oscillation was approximately similarly along
the cable model. In addition, under large-amplitude RWIV, the upper rivulet underwent stable
oscillation with a relatively large amplitude (more than 10° from the equilibrium position) and a
dominant frequency exactly the same as the fundamental frequency of cable model. Averaged
upper rivulet oscillation was almost in-phase with the vibration of the cable model. Besides the
spring-supported restraints, the cable model was also fixed at two ends and then tested under the
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same conditions for comparison, and the results showed that the upper rivulet exhibited a nonperiodic oscillation like a wide band random process, rather than a stable periodic oscillation for
the spring-supported cable model during RWIV. Subsequently, they presented more results about
the cable vibration and the upper rivulet oscillation, as well as their relationship (Jing et al., 2015).
By alternatively turning off and on the switch to control the rivulets during testing, they confirmed
that the upper rivulet was directly associated with RWIV of cable model, while the lower rivulet
had no effect on it. In additionally, they found that the cable-rivulet system is coupled and the
cable may vibrate with different amplitudes under the same wind speed. During large amplitude
vibrations, the oscillation of upper rivet was steady, periodic and almost in-phase with the same
amplitude along the cable axis. However, during small amplitude vibrations, the oscillation of
upper rivulet is less harmonic and less uniform along the cable axis.
Gao et al. (2018) reproduced the multi-mode RWIV in a wind tunnel using a flexible cable
model (D = 98.36mm, α =23.39°, β = 45°), which was made of a steel wire as the core (diameter
in 12mm), a PE tube as the outside coating and multi-layer form tapes as the filling between PE
coating and steel core, as shown in Figure 2-7(b). The flexible cable model was supported by
springs at both ends. A water tank was installed on the top of wind tunnel connecting a thin flexible
plastic tube to form the rivulets. To record the formation and movement of the upper rivulet, an
ultrahigh-speed camera was installed. With such setup, the 1st, 2nd and 3rd mode of RWIV were
excited respectively by increasing the incoming wind speed. Additionally, the phenomena of mode
switch were observed at some particular wind speeds. For example, Figure 2-13 illustrates clearly
that with a constant incoming wind speed U = 14.60m/s, the cable model experienced the 1st to 3rd
mode of vibration respectively during 150s. The monitor data showed that during RWIVs, the
oscillation of upper rivulet was always synchronized in frequency with the vibration of cable.
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However, an exceptional case was also observed, i.e., when the cable model vibrated steadily, the
upper rivulet was nearly stationary on the cable surface, exhibiting no periodicity. More detailed
results about the upper rivulet, such as morphology evolution, spatial distributions, and
characteristics of oscillation were presented by Cheng et al. (2018).

(a) time histroy of displacement

(b) time-frequency evolution of cable vibration

Figure 2-13: Phenomenon of mode switch observed in wind tunnel testing (Gao et al., 2018)
Ge et al. (2018) also reproduced the phenomena of RWIV on an inclined cylinder (D = 139mm)
in a wind tunnel using a high-precision raining simulator (HPRS). Extensive parametric study was
conducted experimentally on the main factors affecting RWIV, such as spatial attitudes (inclined
angle & yaw angle), dynamic characteristics (vibration frequency & damping ratio) and
environmental conditions (wind speed & rainfall intensity). The results revealed that the most
unfavorable spatial attitude of cable for RWIV is inclination angle α =30° and yaw angle β = 20°,
the displacement amplitude of cable vibration increases along with decrease in vibration frequency
and damping ratio, and RWIV disappears when the vibration frequency reaches 1.51Hz or the
damping ration reaches 0.29%. Moreover, it was found that the worst combination of conditions
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for RWIV includes two unfavorable environmental states: lower wind speed (2.1~6.2m/s) coupled
with high rainfall intensity (50~80mm/h) and high wind speed (6.9~10.7m/s) coupled with lower
rainfall intensity (10~40mm/h).
2.1.4 Theoretical Analysis
Besides field observation/measurement and wind tunnel testing discussed above, researchers
have also attempted to understand the mechanism of RWIV through theoretical analysis, more
specifically, by establishing theoretical models that are able to describe such complex phenomena
in the quantitative way, especially the dynamic response of stay cables during the RWIV vibration.
Based on the dimensionality to describe the motion of stay cables, the theoretical models can
be roughly divided into three categories (as shown in Figure 2-14): (i) 2D Model-SDOF for cable
(Yamaguchi, 1990; Wilde and Witkowski, 2003; Cao et al., 2003; Van der Burgh and Hartono,
2004; Gu and Huang, 2008; Gu et al., 2009; Li et al., 2010; Chen et al., 2013; Bi et al., 2013 &
2018; Jing et al., 2018). In this approach, the stay cable is always simplified as a 2D springsupported circular cylinder (based on the cross section of stay cables) with mass and viscous
dampers attached, and only the in-plane motion of stay cable (SDOF) considered. Additionally,
the circumferential motion of upper rivulet around the cable surface may be included; (ii) 2D
Model-2DOF for cable (Li et al., 2013;Wu et al., 2013; Wang et al., 2016). In this model, the outof-plane motion of stay cable is also included, in comparison with model type (i); (iii) 3D Model
(Zhou and Xu, 2006; Li et al., 2007; Gu et al., 2009; Liu et al., 2013). In this approach, the motion
equations of a 3D continuous stay cable are required, i.e., both in-plane and out-of-plane motions
of the stay cable are considered, and the axial motion may be included. The 2D models with SDOF
for the cable (i.e., approach (i)) have been proposed based on the earlier field observations that
RWIV occurs mainly in the vertical cable plane. Therefore, they can only describe the in-plane
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response of stay cables during RWIV. However, the subsequent field observations reveal that there
are transverse responses normal to the cable plane too during RWIV, in spite of the in-plane
responses being recognized initially. Thus, 2D models incorporating out-of-plane motion of cable
have been proposed to consider the cable motion in two dimensions completely. Although 2-D
models with SDOF/2DOF for cable are able to describe the dynamic response of stay cables to
some extent, such as occurrence within a restricted wind speed range and limited amplitudes of
vibration, it is obvious that the dynamic behavior of stay cables cannot be predicted completely by
relying only on a 2D sectional cable model. Therefore, the models based on the dynamic motions
of a 3D whole continuous stay cable have recently been developed. To some degree, they are able
to predict the dynamic response of stay cables better, such as multi-mode vibrations. Therefore,
they are frequently employed for evaluating the strategies to mitigate the severe response of stay
cables during RWIV using dampers.

(a) 1-D model (Cao et al, 2003)

(b) 2-D model (Peil and Nahrath, 2003) (c) 3-D model (Zhou and Xu. ,2006)

Figure 2-14: Analytic models adopted to simulate RWIV
Both filed observations and wind tunnel testing have shown that the upper rivulet is highly
related to RWIV of stay cables. Therefore, the upper rivulet has also been included in the
theoretical studies. Based on the approaches to simulate the rivulet, the theoretical models of
RWIV can be roughly divided into three categories too: (i) the motions of rivulet are not considered
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or are described as a known function, both of which are independent of the motion of stay cable,
e.g., a simple harmonic oscillation. (Xu and Wang, 2003; Wilde and Witkowski, 2003); (ii) the
rivulets are simply simulated as oscillating particles on the cable surface, and its motion equations
are established, which are coupled with those of stay cable. (Yamaguchi, 1990; Seidel and Dinkler,
2006; Gu et al., 2009; Gu, 2009; Li et al., 2013; Wu et al., 2013); (iii) fluid theories (e.g., the
lubrication theory) are used to simulate the formation and oscillation of the water rivulets.
(Lemaitre et al., 2007; Xu et al., 2011; Taylor and Robertson, 2011; Bi et al., 2013 & 2018; Wang
et al., 2016).
Due to lack of comprehensive understanding about RWIV, theoretical studies are very limited
in comparison with studies based on the other two approaches. Some notable analytical and
theoretical models on RWIV are presented in the following.
Yamaguchi (1990) presented a two-degree-of-freedom (2DOF) galloping model to describe
RWIV. In the model, the cable was modeled as a horizontal rigid cylinder, i.e., a circular crosssection, and only its vertical motion was considered. The upper rivulet was simplified as a particle
oscillating circumferentially on the cable surface. He proposed that the oscillation of upper rivulet
and cable were aerodynamically coupled and the aerodynamic damping for the cable changed
drastically with wind speed. The numerical simulations showed that for the wind speed around 10
m/s, where the fundamental frequency of rivulet oscillation coincides with the natural frequency
of cable, the aerodynamic damping decreases dramatically to a large negative value, yielding a
large and rapid increase in the cable amplitude. Therefore, he suggested that the oscillation of
upper rivulet is indispensable to RWIV of cable, i.e., RWIV was a kind of 2DOF galloping.
Additionally, he concluded that the classical single-degree-of-freedom (SDOF) galloping theory
(i.e., the Den Hartog’s theory) cannot explain the mechanism of RWIV. It should be noted that the
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steady wind force coefficients employed in his simulation was based on a wind tunnel testing
designed for telecommunication cables, and the diameter ratio between the attachment and the
cylinder was 0.1, which is much larger than the actual size ratio (upper rivulet over stay cable).
Additionally, the oscillation frequency of rivulet was taken as a function of wind speed, which has
not been confirmed yet.
Xu and Wang (2003) also presented a SDOF analytical model based on the quasi-static
assumption. The model included the effect of wind speed on the rivulet position, as well as the
influence of the moving rivulet on cable vibration. The circumferential oscillation of upper rivulet
was described as a known harmonic motion with the amplitude from wind tunnel tests and the
frequency the same as that of cable. The model was applied to some experimental cable models
with either moving water rivulet or fixed artificial rivulet. The numerical results showed that the
model was able to capture main features of the inclined cylinder with moving rivulet (e.g., velocityrestricted and amplitude-restricted vibration), and predict the dynamic response of horizontal
cylinder with fixed artificial rivulet. In addition, the aerodynamic damping ratio (ADR) of the
system was examined. It was found that the ADR alternated significantly, even became negative
in the case with fixed rivulet, and the ADR changed constantly between positive and negative
values within a bounded range in the case of moving rivulet. It should be noted that the effect of
axial flow was neglected in this case. Additionally, the amplitude of upper rivulet and aerodynamic
force coefficients were taken from wind tunnel tests and considered independent of the motion of
the cylinder. Subsequently, Wang and Xu (2003) extended the SDOF model to 2DOF model by
including the equation of motion of the upper rivulet. Nonlinear motion equations for the coupled
cylinder-rivulet system were suggested, and the interaction between the cylinder and the rivulet
was described in terms of nonlinear damping force, linear restoring force and inertia force. Zhou
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and Xu (2006) applied the SDOF model of RWIV to a continuous taut stay cable and only the inplane transverse motion of stay cable was considered. Meanwhile, the variation of mean wind
speed along the stay cable and the effect of mode shapes of cable vibration were included. Wilde
and Witkowski (2003) also presented a similar SDOF analytical model. The oscillation of upper
rivulet was still described as a harmonic motion. However, the amplitude was not constant, but a
function of wind speed. Li et al. (2007) combined the equation of rivulet motion proposed by Wilde
and Witkowski (2003) and the governing equations about the motions of an inclined stay cable in
three dimensions. Both the in-plane and out-of-plane displacement responses of the cable were
simulated. In addition, the effects of wind speed, rivulet oscillation frequency, rivulet distribution,
wind speed profile and cable damping on the cable response were investigated.
Gu and Huang (2008) presented a 2DOF analytical model to investigate the effects of upper
rivulet motion on the unstable vibration of stay cables. In the model, the stay cable and the upper
rivulet were modeled as a two-dimensional circular cylinder and an attachment oscillating
circumferentially on the cylinder surface, respectively. The governing equations about the motions
of the cylinder and the attachment were established. By applying the Lyapunov stability criterion
to such a dynamic system, a criterion for the balance position of upper rivulet corresponding to
unstable cable vibration was obtained, which was composed of two parts: one part related to the
Den Hartog’s galloping criterion and the other part related to the rivulet motion. The effects of the
cable frequency and damping were investigated by numerical computations. Moreover, the
corresponding model was designed and tested in a wind tunnel. Parametric studies were conducted
through the wind tunnel tests to study the effects of main factors such as wind speed, cable
frequency and damping. Based on the results of analytical model and wind tunnel test, they
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suggested a zone about the unstable balance position of the rivulet, which becomes narrow with
increasing cable frequency and damping, and becomes wide with increasing wind speed.
Gu et al. (2009) conducted a series of wind tunnel tests on an inclined rigid cylinder with a
fixed artificial rivulet for the aerodynamic forces acting on them,. Then, they proposed a twodimensional 2DOF analytical model that included the in-plane DOF of cable and the tangential
DOF of rivulet. In the model, the governing equations about the motions of cable and rivulet were
both established. Besides the typical linear damping force, the Coulomb damping force was also
included in the damping forces between the cable surface and the rivulet. Additionally, the
experimental aerodynamic force coefficients were applied on the cable and the rivulet based on
the QS assumption. Based on the simulation and experimental results, they suggested that there
might be two zones for the upper rivulet, i.e., an “unstable zone” for its initial position and a
“dangerous zone” for its instantaneous position. Specifically, the “unstable zone” means that when
the rivulet is initially located in this zone, it is prone to move to the “dangerous zone” under the
aerodynamic force. The “dangerous zone” implies that once the oscillating rivulet reaches this
zone, the cable can keep absorbing energy through the aerodynamic forces like in galloping, finally
resulting in the large-amplitude vibration. The cable response with various rivulet positions are
illustrated in Figure 2-15. Subsequently, Gu (2009) extended this 2D analytic model to a 3D
continuous cable, including a mean wind speed profile in the vertical direction and a rivulet
distribution along the cable axis. The results showed that the cable vibration may be dominated by
different modes, which may explain the “beat” phenomenon observed on site.
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(c) U = 9.1m/s

Rivulet Position
Rivulet Position

(b) U = 8.8m/s

Rivulet Position

(a) U = 8.0m/s

Figure 2-15: Cable responses for different riuvlet positions based on a 2DOF model (Gu et
al., 2009)
Based on the initial work proformed by Gu et al. (2009), Li et al.(2013) developed another
two-dimensional theoretical model, but with 3DOF, inculding both in-plane and out-of-plane
responses of stay cable and the circumferential oscillation of the upper rivulet. Additionly, the
interaction between cable surface and the rivulet was still simlatued by a combination of Coulumb
damping and linear damping forces, but a wetting theory was empolyed to derive the Coulumb
damping force.
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The quasi-static(QS) assumption has been extensively employed in most models for simulating
RWIV, such as the aerodynamic forces acting on the cable and the rivulet in the model proposed
by Gu et al. (2009). However, the fluid memory effects were neglected completely and therefore
some baisc exciation mechanisms invlolving unsteady aerodynamics and hysteretic nonlinearity
could not be cosnidered. To overcome this shortcoming, Wu et al. (2009) developed two models
for the aerodynamic forces acting on the rivulet (as shown in Figure 2-16): (i) a semi-empirical
unsteady model to account for the linear fluid memory effects, which was parallel to Scanlan’s
analysis framework for simulating self-excited forces on bridge decks, and (ii) a hysteretic
nonlinear model to account for high-order (nonlinear) fluid memory effects, which was optimally
chosen based on available experimental data. The aerodynamic force coefficients used in the
unsteady model were identified based on the mapping of pressure field on an oscillating rigid
cable-rivulet section model, while the parameters for the hysteretic nonlinear model were
identified using measured integrated loads with the Moore-Penrose pseudoinverse identification
scheme. For the moitions of cable and upper rivulet, the 2DOF model proposed by Gu et al. (2009)
was employed, and the QS assumption was still kept for the aerodynamic forces acting on the
cable. The simulation results showed that the new models exhibit similarly to the QS model in
various aspects, such as cable and rivulet response, but with different values. Overall, they found
that in comparesion with results from the QS model, alleviated responses of RWIV were obtained
from the linear unsteady model, while intensified responses of RWIV from the hysteretic nonlinear
model.
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(a) Experimental steady-state aerodynamic force coefficients

(b) Unsteady aerodynamic force cofficients (left: Cy; Rigth: Cx)

(c) Hysteretic nonlineaer aerodynamic force coefficients (left: lift force; Right: drag force)

Figure 2-16: Models of aerodynamic force coefficients of the rivulet (Wu et al., 2013)
In addition to the analytical models describing the motion of the rivulet, lubrication theory has
recently been used to simulate the formations and oscillations of rivulets. Lemaitre et al. (2007)
developed a two-dimensional model based on lubrication theory and time-averaged aerodynamic
flow-field to describe the evolution of a thin water film around a circular cylinder subjected to the
actions of gravity, surface tension, wind and motion of the cylinder. In this model, wind was taken
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as an exterior load and expressed as the pressure and friction coefficients to simulate the formations
of rivulets and the variation of water film around the cylinder. The numerical simulations showed
that the model can recover well the appearance of the two rivulets (i.e., the upper and lower
rivulets). Based on the lubrication approximation, Robertson et al. (2010) also developed a twodimensional model to simulate the interaction between a given static external aerodynamic field
and a thin water film on a horizontal circular cylinder, including the effects of pressure, shear,
surface tension and gravity. The model was solved by a bespoke pseudo-spectral solver and the
numerical results showed that it can capture the formation of rivulets, as well as the geometry, and
location and growth rate, which were all in good agreement with previous studies. Subsequently,
Taylor and Robertson (2011) incorporated a Discrete Vortex Method solver to determine the
external flow field and unsteady aerodynamic loading to their former model. With the coupled
solvers, they numerically simulated the evolution and growth of the water rivulets still on the
horizontal circular cylinder, but under unsteady aerodynamic loading. Then, with the same model
and coupled solver, Taylor and Robertson (2015) investigated the effects of initial thickness on
the rivulet evolution, as well as the variation of in-plane attack angle, allowing to represent the
three-dimensionality of an inclined and yawed stay cable by the two-dimensional model. Bi et al.
(2013) also presented a 2D coupled model that included the water film evaluation based on
Taylor’s work and the vibration of cable based vibration theory about SDOF (i.e., only the in-plane
vibration was included). The wind pressure coefficient and friction coefficient with different
water-film morphologies were obtained directly by CFD simulations. Later, Bi et al. (2018)
presented a 3D equation about water film evolution based on the lubrication theory, including the
effects of gravity, water film surface tension, aerodynamic lift and cable vibration. Finite
Difference Method was used to solve the equations, and the time history of water film evolution
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at every point on the cable surface was obtained. It should be noted that the motion of cable was
simply described by a given sinusoidal curve in this model. Wang et al. (2016) presented four
different 2D models based on the lubrication theory, which are liquid-solid model, gas-liquid
model, as well as SDOF and 2DOF gas-liquid-solid models. With these four models, they tried to
determine the best way to simulate RWIV based on lubrication theory. The rivulet motions and
cable vibration responses obtained from these models were compared with each other, as well as
with some previous studies. Meanwhile, the relations among rivulet motions, cable aerodynamic
forces and vibration response were investigated. They concluded that the resonance between
rivulets and cable oscillation may be one of the main reasons for RWIV.
2.2 Computational Fluid Dynamics
With rapid advancement of computational technology, Computational Fluid Dynamics (CFD)
has demonstrated the great potential as an alternative tool for wind tunnel testing in wind
engineering, in light of some obvious advantages such as low costs and high efficiency. Recently,
the CFD simulation has also been adopted to investigate the wind-induced vibrations of stay cables.
Compared to the traditional wind tunnel tests to investigate RWIV, it is more capable in identifying
and visualizing the complex flow structures around a yawed and inclined stay cable, and
aerodynamic forces acting on the stay cable. Therefore, it is more favorable and promising for
exploring the mechanism behind such a complicated phenomenon. Generally, the CFD simulations
on RWIV performed by researchers can be divided into two categories: two-dimensional
simulation and three-dimensional simulation, which are discussed in the following.
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2.2.1 Two-dimensional CFD simulation
Based on the results of a wind tunnel tests (Li et al., 2010), Chen et al. (2013) conducted twodimensional CFD simulations to investigate the aerodynamic influence of the upper rivulet on stay
cables. A circular cable model was simulated with a moving upper rivulet, as well as a fixed upper
rivulet, as shown in Figure 2-17. The cable was considered as a SDOF vibrating system under the
aerodynamic lift force, i.e., only the motion in the cross-flow direction was included. For the
moving rivulet, its motion was described by a pre-defined harmonic oscillation with the frequency
of the cable. During each time step, CFD simulation was preformed firstly to obtain the
aerodynamic lift coefficient, then the SDOF cable model under the corresponding aerodynamic
lift force was solved to update the location of cable and rivulet in the domain of CFD models for
next time step. Based the simulation results (as shown in Figure 2-17), they suggested that the
existence of the upper rivulet is not sufficient to excite RWIV. RWIV of stay cables occurs only
when the rivulet oscillates in a specific range with the frequency of the cable, and therefore the
aerodynamic force acting on the cable is synchronized with the cable frequency, i.e., the
aerodynamic resonant occurs.
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(a) Grids of the CFD simulation
Moving upper rivulet

(b) Grid details around the upper rivulet

(c) Dynamic model

Fixed upper rivulet

(d) Displacement response of cable model with a moving/fixed rivulet θ0 = 65°

Figure 2-17: CFD Model and results of numerical simulation (Chen et al., 2013)
Robertson et al. (2010) developed a two-dimensional (2D) numerical model to simulate the
formation and evolution of rivulets (such as geometry, location, growth rate and etc.) on stay cables
during RWIV by coupling two solvers: (1) Discrete Vortex Method Solver to determine the
external flow field and unsteady aerodynamic loading; (2) Pseudo-spectral Solver based on
lubrication theory to model the formation, evolution and growth of the water rivulets on the cable
surface under external loading. The flow chart of this coupled method is shown in Figure 2-19.
Using this model, a fixed horizontal circular cylinder subject to the pressure and shear forces due
to the external flow was simulated, as shown in Figure 2-18. Moreover, loadings, namely pressure,
shear, surface tension and gravity were investigated in different possible combinations for their
effect on the evolution of rivulets. Reynold number effect were also examined in the range of Re
= 1.0×105~3.6×105. With this model, Taylor and Robertson (2011) found that the rivulets,
especially the upper rivulet, were generated periodically with self-limiting thickness during
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simulations, as shown in Figure 2-19. Taylor and Robertson (2015) presented more numerical
simulation results of the coupled method to provide detailed information on the development of
water rivulet and their interaction with the aerodynamic field. Particularly, they investigated the
effect of varying initial film thickness and attack angle on the resulting rivulets. Their results were
consistent with pervious full scale and experimental observations with the upper rivulets forming
only in configurations where RWIV occurred. Additionally, they found that the lower rivulet has
self-limiting thickness in all configurations, i.e., it was independent on the initial film thickness
and attack angle.

(a) A thin fluid film on horizontal circular
cylinder

(b) Numerical prediction of temporal evolution of film
height under full loading

Figure 2-18: Model and numerical simulation about the formation and evolution of rivulets
(Robertson et al., 2010)
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(b) Numerical prediction of temporal evolution of water
film thickness

(a) Simplified flow chart of the coupled solver

(c) Water film thickness at θ = 67°.

Figure 2-19: Numerical simulation about the formation and evolution of film thickness
(Taylor and Robertson, 2011)
Based on Taylor and Robertson (2011), Bi et al. (2013) made some modifications on the two
dimensional coupled numerical method by introducing a single-degree of freedom (SDOF)
dynamic model to take into account the effect of the dynamic response of stay cable, as shown in
Figure 2-20(a). The mutual interaction between water film evolution and cable vibration was
characterized by time-dependent aerodynamic force coefficients (pressure coefficient Cp and
friction coefficient Cf). During each time step, the water film was modeled as a 2D solid cylinder
and a steady CFD simulation using Fluent was conducted based on it for the aerodynamic
coefficients. With this numerical method, they investigated the relationships between rivulets,
aerodynamic lift force and dynamic displacement response of cable at different wind speeds.
Numerical results showed that RWIV only occurred for some special wind speed, e.g., U0 =
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7.72m/s shown Figure 2-20(b) and the period of water film evolution was close to the natural
period of cable, i.e., the resonance between rivulets and cable may be one of the main reason for
RWIV.
Motion equation of cable
𝐹𝑦
𝑦̈ + 2𝜔0 𝜉0 𝑦̇ + 𝜔2 𝑦 − = 0
𝑀

Where M, 𝜔0 , 𝜉0 are the mass, natural
circular frequency, damping ratio of
cable; 𝐹𝑦 is the lift force acting on
stay cable caused by motion of water
film.

(a) Water film-cable coupled model

(b) Evolution of water film and dynamic cable respeonse at U0 = 7.72m/s (RVIW occurs.)

Figure 2-20: Coupled model and some numerical simulation results about the evolution of
water film and dynamic cable response (Bi et al. 2013)
Bi et al. (2014) made an improvement on the above two-dimensional coupled numerical
method. The evolution equation of water film based on lubrication theory was replaced by a CFD
simulation based on a combination of the gas-liquid two phrase theory and the volume-of-fluid
(VOF) method. By using CFX, the aerodynamic lift force of the cable was solved directly and then
substituted into the SDOF equation of motion of a cable during each time step. However, the
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coupling between the evolution of water film and the vibration of cable was reduced to one-way,
rather than two-way in Bi et al. (2013).

(a) Computational domain and parameters describing rainwater morphology

(b) Dynamic equilibrium state and the related evolution of rain water film (thickness &average position)

Figure 2-21: Model and numerical simulation results about rainwater morphology
evolution (Cheng et al., 2015)
Cheng et al. (2015) simulated the rainwater morphology evolution on a cylinder by combing
two CFD numerical methods: Direct Numerical Simulations (DNS) and Large Eddy Simulations
(LES), based on a two-dimensional multiscale model. As shown in Figure 2-21(a), the
computational domain was divided into two zones: namely the DNS zone (i.e., the inner zone near
the cylinder surface) solved by DNS and the LES zone (i.e., the outer zone far away from the
cylinder surface) solved by LES. A Lagrange particle method was adopted to simulate rain droplets
in the LES zone. When the droplet fell into to the DNS zone, the particles were converted into
liquid droplet. Then, the Volume-of-Fluid (VOF) method was used to capture the morphology of
the interface of the liquid-gas system. In addition, the influence of rainfall intensity was included.
Based on the simulation results, they suggested the entire process of rain dropping can be
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distinguished into four patterns: collision–splashing, accumulation–slipping, formation–breaking
and dynamic equilibrium, and the rivulet oscillated periodically along the circumference of
cylinder surface during dynamic equilibrium state, as shown in Figure 2-21(b).
2.2.2 Three-dimensional CFD simulation
In virtue of the intrinsic limitation of 2D simulations, the 3D spatial effects of stay cables, such
as the yaw angle of wind and the inclination of stay cables, were hardly considered. However,
many field observations and wind tunnel tests (Hikami and Shiraishi, 1988; Yoshimura, 1992, and
etc.) show that the 3D spatial effect plays an important role in the RWIV of stay cables. Therefore,
three-dimensional (3D) CFD simulations have recently been adopted to investigate the RWIV of
stay cables and explore the potential mechanism behind it. Due to extremely high demand on
computational resources and other difficulties in 3D simulations, only a few 3D CFD simulations
on RWIV have been presented. In order to alleviate such demand on computational resources,
segmental rigid cable models, rather than flexible cable models with porotype lengths, have been
widely adopted. Additionally, in order to reduce the complexity and enhance the feasibility of the
3D CFD simulations, two modeling strategies have been used: (i) stay cable was assumed to be
fixed during simulation and (ii) semi-coupled/hybrid methods, similarly to the 2D CFD
simulations discussed previously, were also adopted to take into account of the effect of the
dynamic response of stay cables. Until now, coupling fluid–structure interaction (FSI) method has
rarely been employed to investigate the RWIV of stay cables due to the complexity and extremely
high demand on computational resources.
Li and Gu (2006) simulated the flow around 2D and 3D circular cylinders with and without
fixed artificial rivulet by using the CFD software CFX 5.5, and presented the results, such as
streamlines, mean pressure coefficients and aerodynamic force coefficients on the cylinder and
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rivulets. The results showed that the vortices shed regularly from the 2D cylinders with and without
the fixed rivulet, but irregularly from the 3D cylinders with and without the rivulet. They
concluded that the rivulet may affect the separation of the approaching flow and cause a sudden
drop of the mean lift coefficient. However, some key information about the CFD simulations, such
as the grids, boundary condition, etc. was not presented in the paper. Moreover, only very limited
results were presented.

(a) Swirl generated on the upper surface of the cylinder (b) Streamlines of (a)

(c) zoom-in view of (b)

(d) Swirl generated on the lower surface of the cylinder (e) Streamlines of (d)

(f) zoom-in view of (e)

Figure 2-22: Swirl, streamlines, and pressure coefficients on cylinder surface (Yeo and
Jones, 2008)
Yeo and Jones (2008) conducted some three-dimensional CFD simulation to investigate the
characteristics of the fully developed flow past a yawed and inclined circular cylinder with high
Reynolds number Re = 1.4×105 by detached eddy simulation (DES). They found that the flow after
the cylinder was highly three-dimensional. Especially, swirling flows with a finite length growing
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from the upper and lower surfaces of the cylinder were observed, as shown in Figure 4-13, and
they moved obliquely to the centerline alternately. Meanwhile, low pressures were also observed
at locations where swirling flow developed, and they held vortex flow structures and delayed their
shedding. Moreover, the swirling flows and low pressures generated multiple moving forces at
spatial intervals with low-frequency on the cylinder, as illustrated in Figure 2-23. They believed
that these moving forces potentially account for starting oscillation of the cylinder. It should be
noted that rivulets were not included in their simulation. Therefore, its effect was neglected
completely.

Figure 2-23: Illustration of mechanism on generating forces (Yeo and Jones, 2008)
Li et al. (2010) presented a hybrid approach that combines an experiment with CFD to
investigate the aerodynamic forces of a stay cable under RWIV. The stay cable and flow field were
viewed as two substructures of a system. The oscillation of the cable measured through a wind
tunnel test with an artificial rainfall, was applied to the flow field as a previously known moving
boundary condition (BC) and only the flow field with the known moving BC was numerically
simulated by using CFD method using the models in Figure 2-24. The transient aerodynamic forces
of the stay cable with a predetermined cable oscillation were obtained from numerical calculations
for various cases, and then were analyzed in both time and frequency domains. The results showed
that over the wind speed range of RWIV, the aerodynamic force had a dominant frequency (i.e.,
natural frequency of the cable) and a large amplitude. Below that range, it had a primary frequency
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but a small amplitude. Above that range, it had a large amplitude but no dominant frequency.
Furthermore, in order to verify the feasibility and accuracy of the hybrid approach proposed, the
transient aerodynamic forces were applied on a SDOF model of the stay cable for the dynamic
response of stay cable. A comparison was performed between the result based on SDOF model
and the data measured in wind tunnel test, and the results indicated that the hybrid approach
accurately simulated the transient aerodynamic forces of the stay cable.

(a) Computation domain

(b) 1 st model of cable and grid parittion(relative motion between cable and rivuelt)

(c) 2nd model of cable and grid parittion(no relvative motion between cable and rivulet)

Figure 2-24: Models in a hybrid approach to simulate RWIV (Li et al., 2010)
With a similar coupling approach, Xie and Zhou (2013) conducted a numerical investigation
on effects of the upper rivulet on the aerodynamic forces of a stay cable and the interaction between
the fluid flow and cable oscillation. As shown in Figure 2-25, the stay cable and upper rivulet were
modeled by a circular cylinder and an arch attachment, respectively, in the CFD simulations, and
a spring-damper-mass system with 2 DOF (horizontal and vertical directions) was used to describe
the dynamic response of the cylinder. First, the large-eddy simulation (LES) method with
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Smagorinsky-Lilly modeling was employed to simulate the 3D turbulent flow field, especially for
the aerodynamic forces acting on the cylinder. Next, the governing equations of the 2DOF dynamic
system under such aerodynamic loads were solved for the oscillation of the cylinder. Then,
dynamic mesh method was adopted to update the position of the cylinder in CFD computational
domains. The aerodynamic forces on the cylinder and flow pattern around the cylinder were
analyzed for both steady and oscillation status of the cylinder with varying rivulet location in the
range of 0°~60°, as well as for the plain cylinder without rivulet . The results showed that there
was a large effect of the rivulet on the fluid flow around the cable, and subsequently the dynamic
response of the cable in both steady and oscillation cases. The aerodynamic forces on the cylinder
changed significantly with the location of the rivulet and there existed a critical location at 45° for
the oscillation cases studied. Obviously, in this study, the cable was assumed to be horizontal, thus
the effects of the yaw angle and inclined angle of the stay cable were neglected.
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(a)Geometry of the cable and rivulet (b)Dynamic model of the cable-rivulet system (c) Computional domians

(d)Fluid-structure coupling algorithm for simulating the interaction between flow and cylinder

Figure 2-25: Models in 3D numerical simulation of RWIV (Xie and Zhou, 2013)
2.3 Summary
In this chapter, state-of-the-art on the phenomenon of RWIV has been presented and reviewed
in details, from four aspects: field observation and measurement, wind tunnel testing, theoretical
analysis and CFD simulation.
Filed observation and measurement is a very straight-forward approach and may provide
accurate information about RWIV. However, it is extremely challenging, mainly because of the
uncontrolled environmental conditions related to wind and rain, and significant difficulty in
measuring such long structures accurately and completely. Only limited work based on this
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approach has been conducted and presented so far. Therefore, no comprehensive understanding on
RWIV has been developed yet.
Based on the results from full-scale filed observations and measurements, the characteristics
of RWIV have been summarized, including the geometry, spatial attitude and dynamic properties
of stay cables, the associated environment conditions about wind and rain, as well as the dynamic
response of stay cables during the vibration. Typically, RWIV occurred on stay cables with length
of 50~330m, diameter of 110~225mm, fundamental frequency of 0.5~3.0Hz and damping ratio of
0.09~1.04%, under unfavorable environmental conditions with wind speed of 8~14m/s and light,
moderate and heavy rainfall intensities. The maximum peak-to-peak amplitude lies in a wide range,
from less than 1.0D to several times of D. During the vibration, stay cables vibrated not only in
the vertical cable plane, but also in the out-of-the-cable-plane (i.e., in the transverse plane normal
to the cable plane). However, the in-plane vibration dominated the cable behavior. The vibration
may exhibit be in a single mode or in multiple modes simultaneously, with the associated
frequencies mainly in the range of 0.5~3.5Hz. Water rivulets (i.e., the upper rivulet and the lower
one) have been frequently observed on cable surface along with RWIV. However, similar largeamplitude vibration without precipitation, namely dry-cable vibration, was also reported.
Wind tunnel testing has also been employed to investigate RWIV by generating similar
environmental conditions (i.e., wind and rain intensity), but in a more controlled manner in wind
tunnels. Due to the space limitation, segmental circular cylinders composed of light-weight
materials have been widely used to simulate stay cables in wind tunnel testing. Small-size artificial
rivulets or water rivulets generated by water spray system have been used to investigate the role
of rivulets in RWIV. Based on these tests, large-amplitude has been successfully reproduced by
many research work in wind tunnels, on a spring-supported cable model, with the main
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characteristics of RWIV, such as “velocity-restricted” and “amplitude-restricted” type of vibration.
In addition, the associated factors related to wind, rain and stay cables during the vibration have
also been examined comprehensively, such as wind speed, wind yaw angle, inclination of cable,
etc. Moreover, the role of rivulet has been investigated extensively. Most experiments showed
that the upper rivulet played a critical role during the vibration of a spring-supported cable model,
or the steep change of the aerodynamic forces acting on a fixed cable model, by virtue of either its
critical position or its circumferential oscillation, or both. However, there are still some remarkable
gaps between the vibrations generated in wind tunnels and the RWIV observed on site, due to the
cable/rivulet models employed and the environment conditions simulated.
Several analytical models have been proposed to investigate RWIV. In most of the models,
stay cable was simply represented by a two-dimensional circular cylinder, and its motion was
described by a SDOF or 2DOF system with mass, springs and dampers subjected to the
aerodynamic forces based on a quasi-steady approximation. The upper rivulet may be included too
and its motion was simply described either by some pre-defined function like sinusoidal functions,
or by a SDOF particle oscillating circumferentially on cable surface. Recently, lubrication theory
has also been employed to simulate the formations and oscillations of rivulets. Some 3D models
have also been developed based on the 2D models. Generally, these analytical models are able to
capture some features of RWIV to some extent. However, all of them have been developed without
a comprehensive understanding of RWIV phenomenon.
Recently, CFD simulation has also been employed to investigate RWIV. In comparison with
other approaches, it is more capable of identifying and visualizing the complex flow structures
around a yawed and inclined stay cable, as well as the aerodynamic forces acting on the cable.
Therefore, CFD may be more promising for exploring the mechanism of RWIV. However, only
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very limited work based CFD simulation has been conducted until now, and most of them are 2D
simulations, in which stay cable was simply modeled as a 2D circular cylinder and the effects of
inclination and yaw angle were completely neglected. Models considering 3D CFD simulations
have also been performed by several researchers, but very few work has been presented, mainly
due to extremely high demand on computational resources, significantly long running time and
other difficulties in 3D simulations. Therefore, 2D CFD simulation will be used in this dissertation
to investigate RWIV too, but with a new modeling approach, which will be presented in the
following chapters.
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Background of Numerical Method in Computational
Fluid Dynamics Simulation
The aerodynamics forces acting on stay cables are key factors when investigating RWIV of
stay cables, and they are too difficult to be measured on site or in wind tunnel tests. Computational
fluid dynamics (CFD) has shown great potential as a research tool to investigate the flow filed of
the complicated RWIV problem. In this chapter, the fluid theory and the related numerical methods
employed in the current research are introduced.
3.1 Governing Equations
The airflow in the simulations was treated as a two dimensional, unsteady and incompressible
flow with constant fluid properties, and it must follow the principal equations of dynamical
behavior of a fluid, which can be described as the conservation laws of mass, momentum and
energy.
Continuity Equation:
𝜕𝜌
𝜕𝑡

𝜕

+ 𝜕𝑥 (𝜌𝑢𝑖 ) = 0

(3-1)

𝑖

Momentum Equation:
𝜌

𝜕𝑢𝑖
𝜕𝑡

𝜕𝑢

+ 𝜌𝑢𝑗 𝜕𝑥 𝑖 =
𝑗

𝜕𝜎𝑖𝑗

+ 𝜌𝑓𝑖

𝜕𝑥𝑗

(3-2)

Energy Equation:
𝜕𝑒

𝜕𝑒

𝜕𝑢

𝜕𝑞

𝜌 𝜕𝑡 + 𝜌𝑢𝑗 𝜕𝑥 = 𝜎𝑖𝑗 𝜕𝑥 𝑖 − 𝜕𝑥𝑗
𝑗

𝑗

𝑗

(3-3)

where ui is the velocity component in the i-th direction, ρ is the density of the fluid, σij is the stress
tensor, fi is the body force vector per unit mass, e is the internal energy per unit mass, and the
vector qi denotes the conductive heat flux.
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Air is a kind of Newtonian fluid, and the equation of momentum conversation with the
constitutive equation of Newtonian fluid becomes the Navier-Stokes (N-S) equations,
𝜌

𝜕𝑢𝑖
𝜕𝑡

𝜕𝑢

𝜕𝑝

𝜕

𝜕𝑢

𝜕

𝜕𝑢

𝜕𝑢

+ 𝜌𝑢𝑗 𝜕𝑥 𝑖 = − 𝜕𝑥 + 𝜕𝑥 (𝜆 𝜕𝑥 𝑖 ) + 𝜕𝑥 [𝜇 (𝜕𝑥 𝑖 + 𝜕𝑥𝑗 )] + 𝜌𝑓𝑖
𝑗

𝑖

𝑖

𝑗

𝑗

𝑗

𝑖

(3-4)

where μ and λ are the coefficients of viscosity.
After passing through the cylinders, the airflow in the simulations became very turbulent. The
instantaneous N-S equations are usually solved for an unsteady velocity field to represent the
turbulent flow. However, the equations are nonlinear, coupled, partial differential equations for
which no analytical solution is known. So, it is not feasible to resolve all the details of turbulence
motions. There are several methods to predict turbulent flow, and the most popular approaches in
engineering application are Direct Numerical Simulation (DNS), Large Eddy Simulation (LES)
and Reynolds-Averaged Navier-Stokes (RANS) equations. With the DNS, the N-S equations are
solved completely, all length- and time scales vortices /eddies are solved, nothing is modeled, so
it is very accurate. However, huge computation resource is needed and it is very time-consuming.
Even for very simple geometries, large amount resulting data will be created. With the LES, the
filtered N-S equations are solved, i.e., only large eddies are solved and the small ones are modeled.
Thus, it is not as accurate as DNS. However, slightly lesser computational resources are required
in this approach. With the RANS, the averaged N-S equations are solved, only mean flow is solved,
all eddies are modeled, i.e., the effect of turbulence on mean flow is modeled. The RANS approach
is very popular in engineering applications, especially because of least demand on computational
resource and high computational efficiency. Thus, the RANS approach was employed here to
capture the aerodynamic behavior of the airflow through the cylinders or the cylinders with the
upper rivulet.

75

3.2 RANS Model
Turbulent flows can be approximately treated by using Reynolds averaging in the equations of
motion for fluid flow, which is known as “Reynolds-Averaged Navier-Stokes (RANS)” equations.
The key idea is the Reynolds decomposition, whereby an instantaneous flow variable is
decomposed into the Reynolds-averaged component and a fluctuating component. For example,
the instantaneous velocity ui at any point of the flow can be assumed to be made up of a mean
component 𝑢̅𝑖 and a fluctuating 𝑢𝑖 ′.
𝑢𝑖 = 𝑢̅𝑖 + 𝑢𝑖 ′

(3-5)

Three different forms of Reynolds averaging are most prominently used in the turbulence
modeling research: time averaging, spatial averaging and ensemble averaging, which are applied,
depending on the properties of flow turbulence. For a stationary turbulence, the time averaging is
always employed. To incorporate effects of turbulence motion to a standard mean flow equation,
the equation (3-5) is substituted into the continuity equation (3-1) and the N-S equations (3-4) to
obtain the mean flow equations. Since turbulent fluctuations are random in magnitude and
direction, their time average is zero. Thus, the fluctuating components for linear terms in equation
(3-1) and (3-4) will become zero. For the incompressible, Newtonian fluid flow without body
forces, the Reynolds averaged Navier-Stokes equations can be obtained as,
𝜕𝑢𝑖
𝜕𝑥𝑖
𝜕
𝜕𝑡

(𝜌𝑢𝑖 ) +

𝜕
𝜕𝑥𝑗

=0

(3-6)

𝜕𝑝
𝜕
′ ′
̅̅̅̅̅̅
(𝜌𝑢̅𝑖 𝑢̅𝑗 ) = − 𝜕𝑥 + 𝜕𝑥 [𝜏̅̅̅
𝑖𝑗 − 𝜌𝑢𝑖 𝑢𝑗 ]
𝑖

𝑗

(3-7)

′ ′
̅̅̅̅̅̅
where the term −𝜌𝑢
𝑖 𝑢𝑗 represents additional momentum transfer owing to the turbulent

fluctuations, generally referred to as Reynolds stress tensor, which has six unknowns, and ̅̅̅
𝜏𝑖𝑗 is
the mean viscosity stress tensor,
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̅̅̅
𝜕𝑢

̅̅̅𝑗
𝜕𝑢

𝑗

𝑖

𝜏𝑖𝑗 = 𝜇 (𝜕𝑥 𝑖 + 𝜕𝑥 )
̅̅̅

(3-8)

Due to the presence of the nonlinear Reynolds stresses, the system of the RANS equations
cannot be solved in closed-form.

Therefore, some models for the Reynolds stresses, i.e.,

turbulence models, are introduced.
3.3 Turbulence Model
Turbulence models are created to describe the behavior of the Reynolds stresses and their
interaction with the time-mean flow variables. It is an approximation. The main goal of turbulence
models is to represent the Reynolds stresses for all kinds of flows as much accurately as possible.
Boussinesq proposed first such a hypothesis in the form of eddy viscosity approximation, which
states that the Reynolds stress tensor is proportional to the trace-less mean strain rate tensor and
can be described as,
2
′ ′
̅̅̅̅̅̅
−𝜌𝑢
𝑖 𝑢𝑗 = 2𝜇𝑡 𝑆𝑖𝑗 − 𝑘𝛿𝑖𝑗
3

(3-9)

where μt is the turbulent viscosity (also called eddy viscosity) and it varies with the status of
turbulence, Sij is the mean strain rate defined by,
𝑆𝑖𝑗 =

̅̅̅𝑖
1 𝜕𝑢

(

2 𝜕𝑥𝑗

̅̅̅
𝜕𝑢

𝑗
+ 𝜕𝑥 )

(3-10)

𝑖

2

The second term - 3 kδij is added to make it applicable to the normal turbulent stress, k is the
kinetic energy of turbulent fluctuations
𝑘=

1
2

̅̅̅̅̅̅
𝑢𝑖′ 𝑢𝑖′

and δij is the Kronecker delta.
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(3-11)

3.3.1 Standard k-ε Model
Many turbulence models have been developed based on the Boussinesq eddy-viscosity
hypothesis, and the k-ε model developed by Launder and Spalding (1983) is the most popular
turbulence model widely used in the engineering CFD simulations, in which the turbulent viscosity
is modelled as:
𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

(3-12)

𝜀

where Cμ is a constant, k is the turbulent kinetic energy and ε is turbulent kinetic energy dissipate
rate, and they are determined from two transport equations,
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k
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where Gk is the generation of turbulent kinetic energy due to mean velocity gradients, Gb is the
generation of turbulent kinetic energy due to buoyancy, σk and σε are the turbulent Prandtl numbers
for k and ε, respectively. The details of calculation of these terms can be found in Help manual for
ANASYS Fluent (ANSYS Fluent Theory Guide, 2013).
The term Gk represents the production of turbulence kinetic energy. From the exact equation
for the transport of k, it can be defined as
̅̅̅
′ ′ 𝜕𝑢𝑗
̅̅̅̅̅̅
𝐺𝑘 = −𝜌𝑢
𝑖 𝑢𝑗 𝜕𝑥
𝑖

(3-15)

Based on Boussinesq hypothesis, it can be written as,
𝐺𝑘 = 𝜇𝑡 𝑆 2

(3-16)

where S is the modulus of the mean rate-of-strain tensor, defined as,
𝑆 ≡ √2𝑆𝑖𝑗 𝑆𝑖𝑗
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(3-17)

Based on an extensive examination of free turbulent flows, Launder and Spalding (1983)
recommended the following values for constants,
𝐶𝜇 = 0.09 ; 𝐶1𝜀 = 1.44; 𝐶2𝜀 = 1.92; σ𝑘 = 1.00; σ𝜀 = 1.30.
There values have been obtained by compressive data fitting for a wide range of turbulent flows
and have worked fairly well for different flows (Versteeg and Malalasekera, 1995; Ferziger and
Peric 1996).
The k-ε model is the simplest turbulence model that permits prediction of both near-wall and
free shear flow phenomena without adjustments to constants or functions. Because of its low
computational cost, higher stability and easy implementation, the k-ε model is widely used and has
been validated for many industrial flows and it performs excellently with reasonable predictions.
It successfully accounts from many low Reynolds-number features of turbulence. However, the
model is based on fully turbulent flow. Hence, it performs poorly for the flows with strong
separation, swirling and rotating. In addition, the turbulent viscosity assumed to be an isotropic
quantity in the model, and wall functions are required.
3.3.2 Standard k-ω Model
The standard k-ω model is an empirical model. Similar to the standard k-ε model, it also based
on the two transport equations for the turbulent kinetic energy k and the specific rate of dissipation
ω (can be thought of the ratio of ε to k (Wilcox, 1998)), respectively, which are modelled as
(ANSYS Fluent Theory Guide, 2013),
𝜕
𝜕𝑡
𝜕
𝜕𝑡

(𝜌𝑘) +
(𝜌𝜀) +

𝜕
𝜕𝑥𝑖
𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖 ) =

𝜕
𝜕𝑥𝑗

μ

𝜕𝑘

[(μ + σ 𝑡 ) 𝜕𝑥 ] + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘
𝑘

𝜕

μ

𝑗

𝜕𝜔

(𝜌𝜀𝑢𝑖 ) =
[(μ + σ 𝑡 ) 𝜕𝑥 ] + 𝐺𝜔 − 𝑌𝜔 + 𝑆𝜔
𝜕𝑥
𝜔

𝑗
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𝑗

(3-18)
(3-19)

where Gk represents the generation of turbulent kinetic energy due to mean velocity gradients, Gω
represents the generation of specific rate of dissipation ω, μt is the turbulent viscosity, σk and σω
are the turbulent Prandtl numbers for k and ω, Yk and Yω represent the dissipation of k and ω due
to the turbulence. All of the above terms can be calculated as described below, and Sk and Sω are
user-defined source terms.
The turbulent viscosity μt is computed by combing k and ω as follows,
𝜇𝑡 = 𝛼 ∗

𝜌𝑘

(3-20)

𝜔

It is identical to the equation (3-12) in the standard k-ε model. The coefficient α* damps the
turbulent viscosity causing a low Reynolds number correction, and it is given by
𝛼∗ +𝑅𝑒 ⁄𝑅

𝑡
𝑘
0
∗
𝛼 ∗ = 𝛼∞
( 1+𝑅𝑒
)
⁄𝑅
𝑡

𝑘

(3-21)

where
𝑅𝑒𝑡 =

𝜌𝑘
𝜇𝜔

, 𝑅𝑘 = 6 , 𝛼0∗ =

𝛽𝑡
3

, 𝛽𝑡 = 0.072.

(3-22)

Note, in the high Reynolds number form of the k-ω model, α*= α*∞ =1.0.
The production of k is given by
𝐺𝑘 = 𝜇𝑡 𝑆 2

(3-23)

where S is the modulus of the mean rate-of-strain tensor, defined in the same way as in k-ε Model
(see equation (3-17)).
The production of ω is given by
𝜔

𝐺𝜔 = 𝛼 𝑘 𝐺𝑘

(3-24)

where the coefficient α is given by
𝛼=

𝛼∞ 𝛼0 +𝑅𝑒𝑡⁄𝑅𝜔
(
)
𝛼∗ 1+𝑅𝑒𝑡⁄𝑅𝜔

Here, Rω =2.95, and α*and Ret are given by equation (3-21) and (3-22), respectively.
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(3-25)

The dissipation of k due to turbulence is given by
𝑌𝑘 = 𝜌𝛽 ∗ 𝑓𝛽∗ 𝑘𝜔

(3-26)

where
1
𝑓𝛽∗ = { 1+680𝜒𝑘2
1+400𝜒𝑘2

𝜒𝑘 ≤ 0

1 𝜕𝑘 𝜕𝜔

𝑤ℎ𝑒𝑟𝑒 𝜒𝑘 = 𝜔3 𝜕𝑥

𝜒𝑘 ≥ 0

𝑗

(3-27)

𝜕𝑥𝑗

𝛽 ∗ = 𝛽𝑖∗ [1 + 𝜁 ∗ 𝐹(𝑀𝑡 )]
∗
𝛽𝑖∗ = 𝛽∞
[

4⁄15+(𝑅𝑒𝑡 ⁄𝑅𝛽 )
1+(𝑅𝑒𝑡⁄𝑅𝛽 )

4

(3-28)

4

]

(3-29)

The constants are given by
∗
𝜁 ∗ = 1.5, 𝑅𝛽 = 8, 𝛽∞
= 0.09.

The dissipation of ω due to turbulence is given by
𝑌𝜔 = 𝜌𝛽𝑓𝛽 𝜔2

(3-30)

where
Ω𝑖𝑗 Ω𝑗𝑘 S𝑘𝑖

1+70χ

𝑓𝛽 = 1+80χ𝜔 𝑤ℎ𝑒𝑟𝑒 χ𝜔 = |
𝜔

∗ 𝜔)3
(𝛽∞

𝛽 = 𝛽𝑖 [1 −

𝛽𝑖∗
𝛽𝑖

1 𝜕𝑢

𝜕𝑢

| 𝑎𝑛𝑑 Ω𝑖𝑗 = 2 (𝜕𝑥 𝑖 − 𝜕𝑥𝑗)

𝜁 ∗ 𝐹(𝑀𝑡 )]

𝑗

𝑖

(3-31)
(3-32)

The compressibility function F (Mt) is given by
0
𝑀𝑡 ≤ 𝑀𝑡0
𝐹(𝑀𝑡 ) = { 2
2
𝑀𝑡 − 𝑀𝑡0 𝑀𝑡 > 𝑀𝑡0

(3-33)

where
𝑀𝑡 ≡

2𝑘
, 𝑀 = 0.25, 𝑎 = √𝛾𝑅𝑇
𝑎2 𝑡0

Note that, in the high-Reynolds number form of the k-ω model, β*i = β*∞ =1.0, in the
incompressible form β* = β*i..
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The model constants are:
∗
∗
𝛼∞
= 1, 𝛼∞ = 0.52, 𝛼0 = 1/9, 𝛽∞
= 0.09, 𝛽𝑖 = 0.072, 𝑅𝛽 = 8

𝑅𝑘 = 6, 𝑅𝜔 = 2.95, 𝜁 ∗ = 1.5, 𝑀𝑡0 = 0.25, 𝜎k = 2.0, 𝜎ω = 2.0
The standard k-ω Model incorporates modifications for low Reynolds number effects,
compressibility and shear flow spreading. However, the solution of the model is very sensitive to
values specified for k and ω outside the shear layer (freestream sensitivity).
3.3.3 Shear-Stress Transport (SST) k-ω Model
The SST k-ω turbulence model was developed by Menter (1994). It is a hybrid model to
effectively blend the robust and accurate formulation of the k-ω model in the near-wall region with
the k-ε model in the far field domain, ensuring that the appropriate model is utilized throughout
the flow field. The SST k-ω model is similar to the standard k-ω model, but includes the following
refinements: 1) a blending function is employed to active the standard k-ω model in the near-wall
region and the k-ε model in the free stream, and thereby the freestream sensitivity of the k-ω
problem can be avoided; 2) a damped cross-diffusion derivative term is incorporated; 3) the
definition of the turbulent viscosity is modified to account for the transport of the principal
turbulent shear stress; 4) the constants in the model are changed. With these, the SST k-ω model
are more accurate and reliable than the standard k-ε model for many classes of flows and has been
widely used in CFD for many aerodynamic applications.
The SST k-ω model has transport equations similar to the standard k-ω model,
𝜕
𝜕𝑡
𝜕
𝜕𝑡

(𝜌𝑘) +

(𝜌𝜀) +

𝜕
𝜕𝑥𝑖

𝜕
𝜕𝑥𝑖

𝜕

μ

𝜕𝑘

(𝜌𝑘𝑢𝑖 ) =
[(μ + σ 𝑡 ) 𝜕𝑥 ] + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘
𝜕𝑥

(𝜌𝜀𝑢𝑖 ) =

𝑘

𝑗

𝜕
𝜕𝑥𝑗

μ

𝑗

𝜕𝜔

[(μ + σ 𝑡 ) 𝜕𝑥 ] + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔
𝜔
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𝑗

(3-34)
(3-35)

where Gk represents the production of turbulence kinetic energy and is defined as in the same
manner as in the standard k-ω model. Gω, Yk and Yω have the same meaning as in the standard kω model, but are defined differently, Dω represents the cross-diffusion term. Sk and Sω are userdefined source terms.
The turbulent viscosity μt is defined as follows
𝜇𝑡 =

𝜌𝑘
𝜔

∙

1

(3-36)

1 𝑆𝐹

𝑚𝑎𝑥[ ∗, 2 ]
𝛼 𝑎1 𝜔

where α* is defined in the equation (3-21), S is the stain rate magnitude and F2 is the blending
function.
The turbulent Prandtl numbers σk and σω are given by
𝜎k = 𝐹 ⁄𝜎
1

1

1

𝑎𝑛𝑑 𝜎ω = 𝐹 ⁄𝜎

k,1 +(1−𝐹1 )⁄𝜎k,2

ω,1 +(1−𝐹1 )⁄𝜎ω,2

1

(3-37)

The blending functions F1 and F2 are given by
𝐹1 = tanh(Φ1 4 ) 𝑎𝑛𝑑 𝐹2 = tanh(Φ2 2 )
500𝜇

√𝑘

Φ1 = 𝑚𝑖𝑛 [𝑚𝑎𝑥 (0.09𝜔𝑦 , 𝜌𝑦 2𝜔) , 𝜎

4𝜌𝑘

+ 2
ω,2 𝐷𝜔 𝑦

𝐷𝜔+ = 𝑚𝑎𝑥 [2𝜌 𝜎

1

ω,2

1

𝜕𝑘

𝜕𝜔

𝑗

𝑗

(3-38)
]

∙ ω ∙ 𝜕𝑥 ∙ 𝜕𝑥 , 10−10 ]
√𝑘

500𝜇

Φ2 = 𝑚𝑎𝑥 [2 0.09𝜔𝑦 , 𝜌𝑦 2𝜔]

(3-39)
(3-40)
(3-41)

where y is the distance to the next surface and 𝐷𝜔+ is the positive portion of the cross-diffusion
term.
The term Gω represents the production of ω and is given by
𝛼

𝐺𝜔 = 𝜈 𝐺𝑘
𝑡

(3-42)

where α is given by the equation (3-25), unlike in the standard k-ω model where α∞ is defined as
a constant, here, α∞ is given by,
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∗
𝛼∞
= 𝐹1 𝛼∞,1 + (1 − 𝐹1 )𝛼∞,2

(3-43)

where
𝛼∞,1 =

𝛽𝑖,1
∗
𝛽∞

−

𝜅2
∗
𝜎ω,1 √𝛽∞

, 𝛼∞,2 =

𝛽𝑖,2
∗
𝛽∞

−

𝜅2
∗
𝜎ω,2 √𝛽∞

, 𝜅 = 0.41.

(3-44)

The term Yk representing the dissipation of k is given as
𝑌𝑘 = 𝜌𝛽 ∗ 𝑘𝜔

(3-45)

The term Yω representing the dissipation of ω is defined as
𝑌𝜔 = 𝜌𝛽𝜔2

(3-46)

The term β* and β are calculated from equation (3-28) and (3-32), respectively. The difference
between the standard k-ω model and the SST k-ω model lies in the term βi, which is constant in
the standard k-ω model but now is given by,
𝛽𝑖 = 𝐹1 𝛽𝑖,1 + (1 − 𝐹1 )𝛽𝑖,2

(3-47)

where βi,1 = 0.075, βi,2 = 0.0828 and F1 is obtained from equation (3-38).
The SST k-ω model are developed based on both the standard k-ε model as well as the standard
k-ω model. In order to blend the two models together, the standard k-ε model has been transformed
in terms of k and ω by introducing an additional term, called as the cross diffusion term defined
as,
1

𝐷𝜔 = 2(1 − 𝐹1 ) ω∙𝜎

ω,2

𝜕𝑘

𝜕𝜔

𝑗

𝑗

∙ 𝜕𝑥 ∙ 𝜕𝑥

(3-48)

All the constants have the same values as in the standard k-ω model, except the constants as
below,
𝜎k,1 = 1.176, 𝜎ω,1 = 2.0, 𝜎k,2 = 1.0, 𝜎ω,2 = 1.168, 𝛼1 = 0.31, 𝛽𝑖,1 = 0.075, 𝛽𝑖,2 = 0.0828.
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3.4 Summary
In this chapter, the background of numerical method adopted in the current CFD simulations
has been introduced. The fundamental formulation of governing equations in fluid dynamics have
been summarized. After passing through the blunt bodies (i.e., the 2D circular cylinder and
elliptical cylinder in this research), airflow becomes significantly turbulent and the associated
governing equations- N-S equations cannot be solved analytically. An approximate approachRANS model has been widely adopted in wind engineering numerical simulations. Additionally,
turbulence models are also needed. As a more reliable turbulence model, the SST k-ω model has
been widely adopted in the numerical simulations on airflow passing through blunt bodies. It is a
hybrid model and consists of two parts: the k-ω model for near-wall region and the k-ε model for
far field. Herein, the RANS model and the three turbulence models have been introduced in detail.
In the following charters, the RANS model and the SST k-ω model will be adopted to investigate
the airflow passing through the cylinders with/without the upper rivulet.
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Observations from wind tunnel tests suggest that when wind is not perpendicular to the axis of
the circular cylinder, the trace of the vortices is also not normal to the axis of the cylinder, and the
vibration of the cylinder cannot be treated as the result of the component of wind perpendicular to
the cylinder axis ( Shirakasi et al., 1986). It is apparent that an inclined circular stay cable in yawed
direction presents an inclined elliptical cross section, not a circular cross section with respect to
the incoming airflow. Thus, a two-dimensional (2D) skewed elliptical cylinder with an upper
rivulet has been investigated in this research using CFD simulations to investigate the mechanism
of RWIV. Simulations have also been conducted for a 2D circular cylinder with an upper rivulet,
which has been widely adopted by other researchers. Characteristics of flow-induced force acting
on the 2D cable mode have been investigated for these two modeling cases.
4.1 Geometry
Similar to the rigid cable models employed in most wind tunnel tests, stay cable has always been
represented by a uniform inclined cylinder with a diameter D, as shown in Figure 4-1. The spatial orientation
of the inclined cylinder CE with respect to the incoming wind can be denoted by an inclination angle 𝜶 in the
vertical plane ACGE (i.e., the cable plane) and a yaw angle 𝜷 in the horizontal plane ABCD’. The mean wind
speed is U. In order to simulate the airflow passing through the cylinder in two dimensions, some crosssection will be used to represent the cable cylinder CE. Herein, two cross-sections based on two different
cutting planes (i.e., plane π and plane π1) have been considered.
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Figure 4-1: Orientation of the cable cylinder
The first cross section is based on the plane π, which is perpendicular to the cylinder CE.
Therefore, the cross section is a circular with a diameter of D (i.e., as same as the inclined cylinder
CE), as shown in Figure 4-2. The X axis is normal to the cable plane ACE in the leeward direction,
and the Y axis is in the cable plane ACE, perpendicular to the cable cylinder axis CE in the leeward
direction. The position of the upper rivulet on the cylinder surface with respect to the incoming
wind is characterized by the angle θ. Since the cable cylinder CE is not perpendicular to the
incoming wind direction, the component of wind speed perpendicular to the cylinder CE is
𝑈𝑟𝑒𝑙 = 𝑈𝑁 = 𝑈√𝑐𝑜𝑠 2 𝛽 + 𝑠𝑖𝑛2 𝛽𝑠𝑖𝑛2 𝛼

(4-1)

which is the incoming wind speed in the related two-dimensional simulation and the attack angle
can be defined as
𝜓 = tan−1

sin 𝛼 sin 𝛽
cos 𝛽

(4-2)

The component of wind speed parallel to the cylinder axis CE is
𝑈𝑃 = 𝑈 𝑠𝑖𝑛 𝛽 𝑠𝑖𝑛 𝛼
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(4-3)

The second cross section is based on the plane π1, which is parallel to the horizontal plane
ABCD’, and thus the cross section obtained by it is an inclined ellipse with the lengths of minor
and major axes D1 and D2, respectively, as shown in Figure 4-3. The Y axis is in the cable plane
ACE and is parallel to the projection of cylinder in the horizontal plane ABCD’. The X axis is along
the semi-minor axis of the ellipse in the leeward direction. Similarly, the position of the upper
rivulet is denoted as θ with respect to the semi-minor axis.

Figure 4-2: Position of the upper rivulet and cross section of the cable cylinder by plane 𝝅

Note: for the ellipse
Length of minor axis D1 = D,
Length of major axis D2 = D/sinα.

Figure 4-3: Position of the upper rivulet and cross section of the cable cylinder by plane 𝝅𝟏
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In order to better evaluate the results of numerical simulations, the wind tunnel testing
conducted by Xu et al. (2006) has been employed as a reference and all the CFD simulations in
this research are based on it. The parameters about the cable cylinder, rivulet location and wind
speed in the CFD simulations were summarized in Table 4.1. The location angle of upper rivulet
θ varies from 20° to 110° with a constant step of Δθ =5°, and the mean wind speed U varies from
6.0 m/s to 18.0 m/s with a constant step 2.0 m/s.
Table 4.1: Parameters selected in the CFD simulations
D (mm)

α (degree)

β (degree)

θ (degree)

U (m/s)

160

30°

35°

20°~110°

6.0~18.0

To investigate the effect of the upper rivulet on aerodynamic forces of stay cable, both the
cases of the stay cable with and without the upper rivulet were simulated. A semi-elliptical rivulet
with dimensions of 6mm×16mm, as shown in Figure 4-4, has been adopted in the CFD simulations,
and the rivulet was assumed to be static with the constant shape attached on the surface of the stay
cable.

Figure 4-4: The upper rivulet in the CFD simulations
Figure 4-6 shows a schematic view of a computational domain of the flow field around a twodimensional (2D) fixed elliptical cylinder (i.e., the cross section of cable cylinder by plane π1, and
the diameter of cable cylinder D). The rectangular computational region has an extent of 71D in
the stream wise direction (20D in the upstream region and 50D in the downstream region), 41D
along the cross-stream direction (20D from the surface of the cylinder to the top and bottom side).
The center of the cylinder is 20.5D from the inlet boundary condition, the lateral boundary
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conditions are 20.5D from the center line. The rectangular domain has multiple zones. They consist
of three rectangular regions of upstream flow (zone 1, 2 and 7), three rectangular regions of wakes
and downstream flow (zone 5, 6 and 8), two rectangular regions between them (zone 3 and 4), and
several regions around the cylinder and the rivulet (zone 9 to 14). The dotted lines are the interfaces
between these zones.

(a) The whole domain

(b) Domain around the
rivulet

Figure 4-5: Schematic of the computational domain and boundary condition for the 2D
circular cylinder
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For comparison, a 2D circular cylinder by the plane π was also modeled and simulated. The
size of the computational domain for the circular cylinder was the same as that for elliptical
cylinder, as shown in Figure 4-5.The zones in the domain for the 2D circular cylinder are similar
to those for the 2D elliptical cylinder.

(a) The whole domain

(b) Close-up view of the domain around the elliptical cylinder
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(c) 2D elliptic cylinder
without upper rivulet

(d) 2D elliptic cylinder with
upper rivulet

(e) The extra domain around
the upper rivulet

Figure 4-6: Schematic of the computational domain and boundary conditions for the 2D
elliptical cylinder
4.2 Mesh and Grid
The computational domain of the 2D elliptical cylinder was meshed pointwise by structured
and unstructured grids. Highly dense structured grids were generated around the cylinder and in
the wake region with instability, and coarse structured grid was created far away from the cylinder
with relatively stable flow. Unstructured grid was used to fill between the dense and the coarse
structured grid, making the variation of the grids smooth. Figure 4-7 shows the grids of the whole
computational domain and around the cylinder without rivulet. For the cylinder with upper rivulet,
as shown in Figure 4-8 and Figure 4-9, in addition to the highly dense structured grids on the
cylinder surface, highly fine dense unstructured grids in the zone 13 were created in the irregular
zones close to the cylinder, as well as in the zone 14 around the rivulet, to simulate the flow
behavior close to the cylinder and rivulet surface. Similarly, for the 2D circular cylinder, the
computational domain of was mashed by pointwise too, but only with unstructured grids, as shown
in Figure 4-10.
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.
(a) Mesh in the computational domain

(b) Mesh around the cylinder

(c) Close-up view of the mesh around the cylinder.

Figure 4-7: Computational mesh for the elliptical cylinder without rivulet

93

(a) Mesh around the cylinder

(b) Close-up view of the mesh around the rivulet.

Figure 4-8: Computational mesh for the elliptical cylinder with upper rivulet

.
(a) Mesh around the cylinder

(b) Close-up view of the mesh around the weak zone of the rivulet

(c) Close-up view of the mesh around the rivulet.

Figure 4-9: Computational mesh for the elliptical cylinder with upper rivulet, and with fine
mesh around the rivulet and its wake zone
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(a) Mesh in the computional domain

(b) Close-up view of the mesh around the
cylinder

(c) Close-up view of the mesh around the rivulet

Figure 4-10: Computational mesh for the circular cylinder with the rivulet
To ensure accurate simulation of the flow filed, the height of the first layer grid which was
adjacent to the cylinder surface, was positioned discreetly to make the non-dimensional wall
distance y+ no more than 1. The wall parameter y+ is dependent of the resolution of the grid and
the Reynolds number of the flow, and can be described as
𝑦

𝜏

𝑦 + = 𝜈 √ 𝜌𝑤
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(4-4)

where y is the distance from the wall to the cell center, ν is the kinematic viscosity of the fluid, τw
is the wall shear stress and ρ is the density of the fluid. The grids were generated normal to the
surface of the cylinder by the hyperbolic PDE extrusion method, and controlled by the number of
layers. To avoid a sudden change of grid size, the spacing ratio of adjacent grids was kept to be
less than 1.05.
Totally, 20 cases for the 2D elliptical cylinder (EC) with and without cylinder were considered
to evaluate the effect of the upper rivulet on the aerodynamic characteristic of the stay cable. The
location of the rivulet ranged from 20° to 110° with a constant step 5°. The summary of grids used
in the simulations is shown in Table 4.2. For all simulation cases, zones 1 to 12 were meshed by
identical structured grids (S). As for the zone closest to the cable cylinder and rivulet, i.e., zone
13, it was mesh differently because of geometry of the upper rivulet and variation of its location.
However, an identical mesh strategy for zone 13 was used for all the cases. First, multiple layered
fine structured grids (S) were employed to enclose the cylinder and the rivulets. Then, unstructured
grids (US) were created to fill the region between the structured grids and the structured grids in
the zones a little away from the cylinder, i.e., zones 9 to 12. At certain location, the flow going
around the upper rivulet would reattach to the cylinder. In order to investigate this, finer
unstructured grids were created at the local zone around the upper rivulet in zone 14.
Similar to the case of elliptical cylinder, 20 simulation cases for the 2D circular cylinder with
and without rivulet were simulated. A summary of grids for this case is shown in Table 4.3. It is
noted that only unstructured grids were used in this case. Similar to the EC cases, highly dense
grids were created at Zone 7 which was closest to the cylinder and Zone 8 where the upper rivulet
was located.
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Table 4.2: Summary of grids in the domain of Elliptical Cylinder (EC) with and without
upper rivulet
Zone #

1/2

3/4

5/6

7

8

9/10/11/12

Mesh Type

S

S

S

S

S

S

US

S

US

EC

2,401

7,301

9,751

7,301

29,651

7,301

135,234

149,960

N/A

390,256

EC θ =20°

2,401

7,301

9,751

7,301

29,651

7,301

156,889

453,060

N/A

715,011

EC θ =25°

2,401

7,301

9,751

7,301

29,651

7,301

157,234

376,500

N/A

638,796

EC θ =30°

2,401

7,301

9,751

7,301

29,651

7,301

153,140

528,500

N/A

786,702

EC θ =35°

2,401

7,301

9,751

7,301

29,651

7,301

155,393

530,530

N/A

790,985

EC θ =40°

2,401

7,301

9,751

7,301

29,651

7,301

154,470

482,680

N/A

742,212

EC θ =45°

2,401

7,301

9,751

7,301

29,651

7,301

208,103

469,650

N/A

782,815

EC θ =50°

2,401

7,301

9,751

7,301

29,651

7,301

123,514

87,560

N/A

316,136

EC θ =55°

2,401

7,301

9,751

7,301

29,651

7,301

126,400

229,140

N/A

460,602

EC θ =60°

2,401

7,301

9,751

7,301

29,651

7,301

127,103

127,103

N/A

359,268

EC θ =65°

2,401

7,301

9,751

7,301

29,651

7,301

115,303

186,360

47,280

454,005

EC θ =70°

2,401

7,301

9,751

7,301

29,651

7,301

111,839

152,200

37,315

406,416

EC θ =75°

2,401

7,301

9,751

7,301

29,651

7,301

133,435

212,548

92,404

543,449

EC θ =80°

2,401

7,301

9,751

7,301

29,651

7,301

125,145

211,736

86,119

528,062

EC θ =85°

2,401

7,301

9,751

7,301

29,651

7,301

132,798

227,880

73,124

538,864

EC θ =90°

2,401

7,301

9,751

7,301

29,651

7,301

165,899

265,440

58,917

595,318

EC θ =95°

2,401

7,301

9,751

7,301

29,651

7,301

158,301

266,245

N/A

529,608

EC θ =100°

2,401

7,301

9,751

7,301

29,651

7,301

142,379

380,950

N/A

628,391

EC θ =105°

2,401

7,301

9,751

7,301

29,651

7,301

146,512

364,100

N/A

615,674

EC θ =110°

2,401

7,301

9,751

7,301

29,651

7,301

150,402

455,880

N/A

711,344
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Total

Table 4.3: Summary of grids in the domain of Circular Cylinder (CC) with and without
upper rivulet
Zone #

1

2

3

4

5

6

7

8

Cell Type

US

US

US

US

US

US

US

US

CC

8,246

6,782

7,110

16,266

19,269

14,276

81,983

N/A

153,932

CC θ =20°

8,246

6,782

7,110

16,266

19,269

14,276

215,404

98,054

385,407

CC θ =25°

8,246

6,782

7,110

16,266

19,269

14,276

215,404

98,054

385,407

CC θ =30°

8,246

6,782

7,110

16,266

19,269

14,276

229,484

98,054

399,487

CC θ =35°

8,246

6,782

7,110

16,266

19,269

14,276

213,008

98,054

383,011

CC θ =40°

8,246

6,782

7,110

16,266

19,269

14,276

200,718

98,054

370,721

CC θ =45°

8,246

6,782

7,110

16,266

19,269

14,276

187,980

175,637

435,566

CC θ =50°

8,246

6,782

7,110

16,266

19,269

14,276

190,648

90,366

352,963

CC θ =55°

8,246

6,782

7,110

16,266

19,269

14,276

183,618

90,366

345,933

CC θ =60°

8,246

6,782

7,110

16,266

19,269

14,276

180,704

90,366

343,019

CC θ =65°

8,246

6,782

7,110

16,266

19,269

14,276

193,708

90,366

356,023

CC θ =70°

8,246

6,782

7,110

16,266

19,269

14,276

174,602

90,366

336,917

CC θ =75°

8,246

6,782

7,110

16,266

19,269

14,276

185,028

90,366

347,343

CC θ =80°

8,246

6,782

7,110

16,266

19,269

14,276

175,062

90,366

337,377

CC θ =85°

8,246

6,782

7,110

16,266

19,269

14,276

172,280

90,366

334,595

CC θ =90°

8,246

6,782

7,110

16,266

19,269

14,276

173,388

90,366

335,703

CC θ =95°

8,246

6,782

7,110

16,266

19,269

14,276

167,779

136,048

375,776

CC θ =100°

8,246

6,782

7,110

16,266

19,269

14,276

167,779

135,040

374,768

CC θ =105°

8,246

6,782

7,110

16,266

19,269

14,276

167,779

135,040

374,768

CC θ =110°

8,246

6,782

7,110

16,266

19,269

14,276

167,779

130,644

370,372
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4.3 Boundary Conditions
The upstream boundary at 20D away from the cylinder, was set as “velocity inlet”. The flow
velocity U was uniform in the x direction (i.e., the streamwise direction) and zero in the y direction
(i.e., the cross-stream direction),
𝑢 = 𝑈, 𝑣 = 0 𝑎𝑡 𝑥 = −20.5𝐷, 𝑓𝑜𝑟 − 20.5𝐷 ≤ 𝑦 ≤ 20.5𝐷

(4-5)

The downstream boundary was set as “pressure outlet”, located at 50D behind the cylinder, so
that the flow could reach a fully developed state after passing the cylinder. The static pressure was
set to zero at the downstream boundary to keep the flow density constant within the computational
domain. The downstream condition can be described as,
𝜕𝑢
𝜕𝑥

𝜕𝑣

= 0, 𝜕𝑥 = 0, 𝑃 = 𝑃𝑠𝑡𝑎𝑡𝑖𝑐 = 0, 𝑎𝑡 𝑥 = 50.5𝐷, 𝑓𝑜𝑟 − 20.5𝐷 ≤ 𝑦 ≤ 20.5𝐷

(4-6)

The top and bottom side boundary employed a slip wall condition on velocity. It means that
the component of flow velocity normal to the wall was zero and there was no shear at the surface
of the wall. The top and bottom slip wall were set at 20D away from the cylinder to ensure that its
effect of the flow field was negligible.
𝜕𝑢
𝜕𝑦

= 0, 𝑣 = 0, 𝑎𝑡 𝑦 = ±20.5𝐷, 𝑓𝑜𝑟 − 20.5𝐷 ≤ 𝑥 ≤ 50.5𝐷

(4-7)

A no-slip wall condition on velocity with zero roughness height was employed on the surface
of the cylinder and the upper rivulet to ensure that tangential velocities were zero on the wall.
4.4 Turbulent Boundary Layer
The turbulent flow around the cylinder is significantly affected by the presences of the wall.
The tangential velocity fluctuations are reduced rapidly by viscous damping, since the no-slip
condition has to be satisfied at the wall, and the normal fluctuations are reduced by kinematic
blocking. However, toward the outer part of the near-wall region, the turbulence increases
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dramatically by the production of the turbulence kinematic energy because of the large gradients
of the mean velocity field. In the near-wall region, the solution variables have large gradients, and
the momentum and other scalar transports occur most vigorously (ANSYS Fluent Theory Guide,
2013). In order to capture the complexities of the physical phenomenon in the zones close to the
cylinders, i.e., delayed separation, transition to turbulence upon separation, reattachment, and
further turbulent separation, etc., the boundary layer at the wall of the cylinders should be well
resolved. The turbulent boundary at the near-wall region (the inner layer) consists of three distinct
regions: viscous sublayer (y+ < 5), buffer layer or transition layer (5 < y+ < 60), log-law layer (y+ >
60), as shown in Figure 4-11.

Figure 4-11: Subdivisions of the near-wall Region
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Figure 4-12: Near-wall treatment in ANSYS Fluent (ANSYS Fluent Theory Guide, 2013)
Two approaches are mostly employed to model the near-wall region: wall functions and nearwall modeling, as shown in the Figure 4-12. The former means that viscosity-affected inner region
(viscous and buffer layer) is not resolved numerically, some semi-empirical formulas called as
“wall functions” are adopted to bridge the gap between the wall and the fully turbulent regions,
and thus the wall-adjacent cell centroid is allowed to be located within the log-law layer, i.e., 60 <
y+ < 300. The latter means that the turbulence models (e.g., the Spalart-Allmaras model, the k-ε
model, the k-ω model, etc.) are modified to be valid for the viscosity-affected inner region with a
mesh all the way to the wall. In addition, the first cell at y+ ≈ 1 and 10~20 or more prism layers
near the wall are recommended.
For the ω-equation based turbulence models, an insensitive wall treatment is utilized in
ANSYS Fluent as the default near-wall treatment by blending the viscous sublayer formulation
and the logarithmic layer formulation based on y+. The value of ω at the wall is specified as,
𝜔𝑤 =

𝜌(𝑢∗ )2
μ
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𝜔+

(4-8)

𝜔+ = {

6
(𝑦
β𝑖 + )2
1

+
𝑑𝑢𝑡𝑢𝑟𝑏

√β∗∞ 𝑑𝑦 +

𝑓𝑜𝑟 𝑦 + < 5 ( 𝑙𝑎𝑚𝑖𝑛𝑎𝑟 𝑠𝑢𝑏𝑙𝑎𝑦𝑒𝑟 )

(4-9)

+

𝑓𝑜𝑟 𝑦 > 60 (𝑙𝑜𝑔𝑎𝑟𝑖𝑡ℎ𝑚𝑖𝑐 𝑟𝑒𝑔𝑖𝑜𝑛)

∗
where u* is the friction velocity, y+ is the non-dimensional distance from the wall, βi and 𝛽∞
are

constants in the SST k-ω model. Thus, in order to use the Enhanced Wall Treatment (EWT), the
mesh around the wall should either be coarse or fine enough to avoid placing the wall-adjacent
cell in the buffer layers (5 < y+ < 60).
Since the SST k-ω model was employed in all the simulations, when generating the grids, very
fine mesh with more than 20 prism layers were created around the cylinder, as shown in Figure
4-7 to Figure 4-9, and the wall-adjacent cells were generated by estimating y+≈ 1. After simulations,
the actual value of y+ was evaluated based on the numerical results and it was found that the walladjacent cells were placed in the laminar sublayer successfully. Two cases about the elliptical
cylinder with and without the upper rivulet are selected representatively and are shown in Figure
4-13. Obviously, y+ for both cases are less than 2, so the near wall mesh is sufficiently fine for
high quality numerical solution. Besides these two cases, two other cases for the circular cylinder
with and without the upper rivulet are presented in Figure 4-13. Since the prism layers were created
around the circular cylinder without the upper rivulet, y+ < 2 was kept. For the circular cylinder
with the upper rivulet, unstructured mesh was employed, and no prism layers were generated on
the wall, y+ along the circumference was larger than all other cases. However, except for very few
small regions, y+ is still less than 5 for the majority of wall-adjacent cells. Thus, the near-wall
mesh resolution is still acceptable.
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(a) 2D elliptical cyliner, Re = 3.943 ×105

(b) 2D elliptical cyliner with the upper rivulet, Re = 1.533 ×105, θ = 75°
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(c) 2D circular cyliner, Re = 1.533 ×105

(d) 2D circular cyliner with the upper rivulet, Re = 1.533 ×105, θ = 65°

Figure 4-13: Mesh resolution near the wall of the cylinders
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4.5 Numerical Characteristics
Based on the free stream flow and the characteristic dimension of the cylinders, Reynold
number Re can be defined as,
𝑅𝑒 =

𝑈∞ 𝐿𝑐
𝜈

(4-10)

where U∞ represents the free-stream flow speed; Lc represents the characteristic length of the
cylinders, which is the diameter of the cylinder D for the circular cylinder, and it is the major axis
D2 for the elliptical cylinder and ν is the kinematic viscosity of the fluid. Based on selected CFD
parameters in Table 4.1, Reynolds number of the elliptical cylinder ranges from 1.314×105 (U =
6.0m/s) to 3.943×105 (U = 18.0m/s) and Reynolds number of the circular cylinder in the
simulations is 1.533×105 (U = 14.0 m/s).
All the numerical simulations in the study were carried out by using the commercial software
ANSYS Fluent 15.0. The air in the simulations was treated as ideal gas, and its density ρ and
dynamic viscosity μ were set to 1.225 kg/m3 and 1.7894 ×10-5 kg/(m∙s), respectively. Gravity was
not considered in the simulations. The SST k-ω turbulence model was employed in all the
simulations. The Semi-Implicit Method for Pressure Linked Equations-Consistent (SIMPLEC)
algorithm with zero skewness correction was employed to solve the pressure-velocity coupling. In
the spatial discretization, the second-order upwind scheme was adopted for the momentum
equation and the transport equations for the turbulent kinetic energy and the specific dissipation
rate, with the least square cell-based gradient and the second-order discretization scheme for
pressure. In Addition, the second-order implicit transient formulation was chosen to capture the
vortex shedding behavior when the airflow went through the cylinders.
The non-dimensional time step Δt* and the non-dimensional time t* can be defined respectively
as follows,
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∆𝑡 ∗ =
𝑡∗ =

𝑈∞ ∆𝑡

(4-11)

𝐿𝑐
𝑈∞ 𝑡

(4-12)

𝐿𝑐

where U∞ is the reference velocity, Lc represents the characteristic length of the cylinders, Δt is the
time step and t is the real time in the simulations. Here, U∞ is the velocity at the upstream boundary
and Lc = D for the circular cylinder or Lc = D2 for the elliptical cylinder.
For the elliptical cylinders in the transient simulations, the time step size Δt was set to 4 ×10-4
seconds for U ≤ 10m/s or 2 ×10-4 second for U > 10m/s. The corresponding non-dimensional time
steps Δt* is shown in Table 4.4. The simulation results show that it is small enough to capture the
dynamic behavior of the airflow.
Table 4.4: Time steps in the simulations
U (m/s)
Δt (sec)
Δt*

6.0
4 ×10-4
7.5 ×10-3

8.0
4 ×10-4
1.0 ×10-2

10.0
4 ×10-4
1.25 ×10-2

12.0
2 ×10-4
7.5 ×10-3

14.0
2 ×10-4
8.75 ×10-3

16.0
2 ×10-4
1.0 ×10-2

18.0
2 ×10-4
1.125 ×10-2

Global Newton iteration method was used in the iteration algorithm to improve the stability
and time accuracy of the solution for unsteady flow. The maximum number of iterations per time
step was varied from 150 to 300 to assess the magnitude of the residuals and to ensure the
convergence of the solution.
Both the relative and the absolute convergence criteria were employed. The relative criterion
was 0.01 and the absolute criteria was 10-9. The iteration would stop when either of these criteria
was satisfied.
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4.5.1 Aerodynamic Coefficients
The lift, drag and moment coefficients are measures of the forces acting on the cylinder cross
section along the direction of flow (drag), normal to flow (lift) and pitching moment with respect
to the center (moment), respectively. They are defined as,
𝐹

𝐶𝐿 = 1⁄2𝜌𝑈𝐿 2 𝐿

∞ 𝑐

𝐹

𝐶𝐷 = 1⁄2𝜌𝑈𝐷 2 𝐿

∞ 𝑐

𝐶𝑀 =

𝑀
2 𝐿2
1⁄2𝜌𝑈∞
𝑐

(4-13)
(4-14)
(4-15)

where CL, CD and CM are the lift, drag and moment coefficients, respectively, with respect to the
body system of the cable cylinder; 𝜌 is the air density; U is the incoming mean wind speed; Lc is
the characteristic length of the cylinders (Lc = D for the circular cylinder, Lc = D2 for the elliptical
cylinder); FL, FD and M are the lift force, drag force and pitching moment per unit length of the
cylinder, respectively.
4.5.2 Strouhal Number
The vortex shedding frequency for the cylinders is described by the Strouhal number St,
𝑆𝑡 =

𝑓𝑣 𝐿𝑐
𝑈∞

(4-16)

where fv is the vortex shedding frequency and it can be extracted from the time history of the lift
coefficient CL and Lc and U∞ have the same meaning as in the Reynolds number (equation (4-10)).
4.6 Evaluation and Verification
Prior to presenting the results on the 2D elliptical or circular cylinder with the upper rivulet in
the high subcritical Reynold number, it is worthwhile to evaluate and validate the numerical
parameters and methodology employed in the simulations, such as SST k-ω turbulence model, the
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order of the numerical scheme for numerical solution, time step, etc. Since very few numerical
results have been reported in literatures on the elliptical or circular cylinder with a geometrical
surface disturbance attached on, especially for high Reynold number in the high subcritical and
critical regimes, but there are extensive results about the smooth elliptical or circular cylinder, i.e.,
2D elliptical and circular cylinders without the upper rivulet. Hence, cases EC in Table 4.2 and
CC in Table 4.3 were evaluated and verified in this research.
4.6.1 2D Elliptical Cylinder (Case: EC)
The turbulent flow past a 2D circular cylinder at high Reynold number can be categorized into
four regimes (Achenbach, 1971; Williamson, 1996): sub-critical (3×102 < Re < 2×105), critical
(2×105 < Re < 3.5×105), super-critical (3.5×105 < Re < 1.5×106) and trans-critical (Re > 1.5×106).
Similarly, the flow past the 2D elliptical cylinder at high Reynold number also has the four regimes.
However, unlike the circular cylinder, the boundaries for the four regimes are not so clear, because
the flow behavior is not only dependent on the Reynolds number, but also on the axis ratio/the
eccentricity of the elliptical cylinder and the attack angle.
Herein, the 2D elliptical cylinder with the axis ratio of 1:2 (i.e., the eccentricity e = 0.866) at a
fixed attack angle of αc = -35° (i.e., αc = 55°) with the airflow speed U = 6.0~18.0 m/s was simulated.
The corresponding Reynolds number ranges from 1.314×105 to 3.943×105, within the range of the
upper bound of subcritical regime to the low critical regime. The aerodynamic force and pitching
moment coefficients (CL, CD &CM) based on the steady state of time histories are summarized in
Table 4.5. It is apparent that, although the Reynolds number increases a lot with the increasing
airflow speed, the aerodynamic force coefficients vary slightly in some narrow ranges: the mean
lift coefficient CL ranges 0.42 to 0.59, the mean drag coefficient CD ranges 1.45 to 1.55 and the
moment coefficients CM are around 0.16 for all the cases. In addition, their dominant frequencies
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increase steadily too, from 4.21Hz to 11.43Hz, with an increase in airflow speed. However, the
Strouhal number based on the minor axis of the elliptical cylinder St2b remains almost constant,
staying steadily around 0.10~0.11.
Table 4.5: Aerodynamic force and moment coefficients for 2D elliptical cylinder
Airflow
Speed
U (m/s)

Re (x105)

Max.

Min.

Mean

RMS

fL / fs (Hz)

Strouhal
number
St2b

-1.6928

-0.4980

0.9701

4.21

0.1123

8.0

1.3144
1.7525

0.7116
0.8348

-1.7134

-0.4401

0.9853

5.66

0.1122

10.0

2.1907

0.8548

-1.6997

-0.4236

0.9774

6.97

0.1115

12.0

2.6288

0.9352

-1.7181

-0.4583

0.9799

7.70

0.1025

14.0

3.0669

0.9772

-1.9669

-0.4926

0.9990

8.89

0.1016

16.0

3.5051

0.9780

-1.8445

-0.5852

1.0865

10.22

0.1022

18.0

3.9432

0.9674

-1.8377

-0.5762

1.0737

11.44

0.1017

6.0

Reynold number

Airflow
speed

CL

CD

CM

U (m/s)

Max.

Min.

Mean

RMS

fD (Hz)

Max.

Min.

Mean

RMS

fM (Hz)

6.0

1.8946

1.2424

1.5248

1.5370

4.21

0.2596

0.0465

0.1559

0.1713

4.21

8.0

2.0279

1.2685

1.5534

1.5697

5.66(11.21)

0.2677

0.0238

0.1529

0.1736

5.66

10.0

2.0028

1.2612

1.5253

1.5405

6.97(14.04)

0.2727

0.0229

0.1553

0.1765

6.97

12.0

2.1792

1.0711

1.4607

1.4799

7.70 (3.85,11.55)

0.2771

-0.0101

0.1568

0.1764

7.70

14.0

2.3561

0.9840

1.4459

1.4666

8.89(4.34,12.62)

0.2927

-0.0269

0.1591

0.1777

8.89

16.0

2.2406

1.1138

1.5356

1.5562

10.22(15.33,5.11)

0.2945

-0.0138

0.1563

0.1780

10.22

18.0

2.2003

1.0686

1.4906

1.5101

17.16(5.72,11.44)

0.2920

-0.0088

0.1600

0.1800

11.44

Note: 1. fL, fD and fM are the dominant frequency of time-varying CL, CD and CM, respectively.
2. For CD, the frequency components with high spikes comparable to the dominant frequency in the PSD plots
are included in the parentheses.

Although numerous experimental results and numerical simulations on the flow past an
elliptical cylinder have been reported in the literatures, most of them are focused on low and
moderate Reynolds number when the flow is either laminar or has very low level turbulence. Very
few research studies have been carried out in the high subcritical and critical regimes. Ota et al.
(1987) have investigated experimentally the flow behavior around an elliptical cylinder with the
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axis ratio 1:3 and in the critical Reynolds number regime of 3.5×104 ~1.25×105. However, their
work was focused on a very small attack angle αc = 0° to 17°. Modi et al. (1992) have conducted
similar experiments, but more extensively on a series of elliptical cylinders with the eccentricity e
in the range of 0.44~0.98, the Reynold number in subcritical range of 3×104~1.0×105 and the attack
angle αc in the range of 0°~90°. They have presented extensive results, such as the static pressure
distribution, mean aerodynamic force coefficients and Strouhal number as functions of the attack
angle. It is concluded that for the airflow speed range investigated (i.e., Re =3×104 ~1.0×105), the
force and moment coefficients as well as the Strouhal number for the elliptical cylinder are
essentially independent of the Reynolds number, except for very few isolated discrepancies. Thus,
although the Reynolds numbers of airflow in the simulations are greater, the numerical results
from CFD simulations are presented and compared with the experimental results from Modi et al.
(1992) in Figure 4-14 and Figure 4-15. It is apparent that the lift and drag coefficients for the
elliptical cylinder (e = 0.866) in CFD simulations locate well between the curves for the elliptic
cylinder with eccentricity e = 0.80 and 0.92, the pitch moment coefficients are very close to the
curves for the elliptic cylinder with eccentricity e = 0.92 with negligible differences and the
Strouhal numbers, which indicate the vortex shedding for the flow after the elliptic cylinder, fall
well within the range for the elliptic cylinders with e = 0.80 and 0.92, respectively. Thus, the
behavior of the airflow past the 2D elliptic cylinder without the upper rivulet has been captured
well with the numerical parameters and numerical methodology employed in the CFD simulations.
The aerodynamic force/moment induced on a bluff body in a cross-airflow is developed mainly
due to the pressure and viscous forces acting on the body. In unsteady flow regime, oscillation of
the aerodynamic force/moment (as well as the coefficients) is attributed to the vortex shedding
formation after the airflow past the cylinder. The time histories of the aerodynamic force
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coefficients (CL, CD &CM) and their corresponding Power Spectral Densities (PSD) for all the cases
are shown in Figure 4-16 to Figure 4-22. It is evident that all the aerodynamic force coefficients
vary periodically due to the periodic vortex shedding after the flow past the elliptic cylinder.
Moreover, for each wind speed, CL and CM have the same dominant frequency, as well as CD but
only for the airflow speed U = 6.0~16.0 m/s. As the wind speed increases, the irregular component
of the aerodynamic force coefficients increases, since the airflow past the elliptic cylinder become
more turbulent due to the increasing Reynold number. Both CL and CM are only affected slightly
because of increasing wind speed.

(a) Lift coefficient
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(b) Drag coefficient

(c) Pitching moment about center

Figure 4-14: Mean aerodynamic force coefficients of the 2D elliptical cylinder
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Figure 4-15: Strouhal number of the 2D elliptical cylinder based on the minor axis St2b
However, CD is severely affected because of increase in wind speed. It is observed that the
time-varying CD exhibit a kind of “beat” phenomenon, as show for U = 12.0~18.0 m/s (Figure
4-19 to Figure 4-22). Meanwhile, some lower frequencies (also shown in Table 4.5) associated
with such “beat” phenomenon, which are around only half of the dominant frequencies of CL and
CM, appear and grow vigorously. It is observed from PSD plots in these figures that these low
frequencies can get very close to the dominant frequencies, even surpass them and then become
the new dominant frequency. For example, in the case U = 12.0m/s , the low frequency component
of CD is 3.85Hz, which is only half of the dominant frequency fd = 7.69Hz, and its PSD is around
70% of that of the dominant frequency, as shown in Figure 4-18. While in the case U = 18.0 m/s,
Figure 4-22 shows that the PSD of lower frequency component 5.70Hz has already surpassed that
PSD of 11.40 Hz frequency and is quite significant as compared to that for the dominant frequency
at 17.09Hz. For prototype cables on most of cable-stayed bridges, their fundamental frequencies
generally range from 0.5Hz~3.0Hz. Obviously, the low frequencies presented in the time histories
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of CD are very close to the natural frequencies of prototype stay cables corresponding to lower
order modes (e.g., 2nd to 6th modes, in Zuo et al., 2008). Therefore, they may account for the largeamplitude vibrations of stayed cables observed on site when the wind speed was much higher than
the critical wind speed corresponding to the regular VIV of stay cables, such as the low-frequency
dominated RWIV and “dry cable vibration” (Zuo et al., 2008).
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(a) CL, CD & CM

(b) PSD of CL, CD&CM
Figure 4-16: Time histories of the aerodynamic force coefficients of the 2D elliptical
cylinder (U = 6.0 m/s)

115

(a) CL, CD & CM

(b) PSD of CL, CD & CM
Figure 4-17: Time histories of the aerodynamic force coefficients of the 2D elliptical
cylinder (U = 8.0 m/s)
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(a) CL, CD & CM

(b) PSD of CL, CD & CM
Figure 4-18: Time histories of the aerodynamic force coefficients of the 2D elliptical
cylinder (U = 10.0 m/s)
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(a) CL, CD & CM

(b) PSD of CL, CD & CM
Figure 4-19: Time histories of the aerodynamic force coefficients of the 2D elliptical
cylinder (U = 12.0 m/s)
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(a) CL, CD & CM

(b) PSD of CL, CD & CM
Figure 4-20: Time histories of the aerodynamic force coefficients of the 2D elliptical
cylinder (U = 14.0 m/s)
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(a) CL, CD & CM

(b) PSD of CL, CD & CM
Figure 4-21: Time histories of the aerodynamic force coefficients of the 2D elliptical
cylinder (U = 16.0 m/s)
120

(a) CL, CD & CM

(b) PSD of CL, CD & CM
Figure 4-22: Time histories of the aerodynamic force coefficients of the 2D elliptical
cylinder (U = 18.0 m/s)
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4.6.2 2D Circular Cylinder (Case: CC)
For the 2D circular cylinder, only one case for the airflow speed U = 14.0 m/s was simulated
and the corresponding Reynolds number was 1.533×105, which is still at the subcritical regime,
but was very close to the critical regime. The time histories of the aerodynamic force coefficients
are shown in Figure 4-23, and based on the steady-state part of the time histories, the mean and
root mean square (RMS) of the drag and lift coefficients are summarized in Error! Reference
source not found.. The dominant frequencies of the lift, drag and pitching moment are 21.89 Hz,
43.79Hz and 21.89HZ, respectively, and the Strouhal number is 0.25.

Table 4.6: Drag and lift coefficients of 2D circular cylinder
Case

CC

CD

CL

St

Max.

Min.

Mean

RMS

Max.

Min.

Mean

0.8577

0.7623

0.8097

0.8104

0.7586

-0.7683

-0.0062
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RMS
0.5363 0.2502

(a) CL, CD &CM

(b) Power Spectral Density (PSD) of CL, CD &CM
Figure 4-23: Aerodynamic force coefficients for the 2D circular cylinder (U = 14.0m/s)
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Cantwell and Coles (1983) have summarized various measurements of the drag coefficient and
the shedding frequency for low speed flow past a smooth circular cylinder in the range of 1.0×103
< Re < 1.0×106, as shown in Figure 4-24. Apparently, a large scattering is observed in the measured
data of the drag coefficient, especially when the Reynold number was in the range of 105 to 106,
i.e., at the high subcritical range to the critical range. This is due to the difficulties associated with
the measurements, as well as the high sensitiveness of the flow to the turbulence intensities, surface
roughness, etc. In spite of the large scattering, the drag coefficient ranged from 1.0~1.4 for Re ≈
1.5×105. The mean drag coefficient obtained from the numerical simulation is 0.81 and it is lower
than the reference data. Since the flow in the simulation is still in the subcritical range, the laminar
separation occurs symmetrically at both the upper and lower sides of the cylinder, thus the
theoretical lift coefficient varies symmetrically with zero average. The time history of the lift
coefficient obtained in the simulation (i.e., Figure 4-23) is highly consistent with the theoretical
value, as well as the mean lift coefficient of CL = -0.0062. Similarly, the pitching moment
coefficient obtained from the simulation is in the order of 10-3 and is symmetrical with zero average,
which agrees well with the theoretical value too. To investigate the fluctuating lift on a circular
cylinder, Norberg (2003) summarized extensive measurements data on the RMS of the lift
coefficient over a wide range of Reynolds number Re = 10~1.0×106, as shown in Figure 4-25. The
RMS of CL obtained from the present simulation is 0.54 and is in fair agreement with the measured
data. Unlike the scattering of the drag coefficient, the Strouhal number falls within a very narrow
range of 0.18~0.20 for Re ≈ 1.5×105. The Strouhal number from the simulation is 0.25 and it is a
little higher than the reference range.
Although the numerical results from the simulations for the circular cylinder do not perform
as well as those for the elliptical cylinder in comparison with the experimental data in the literature,
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the aerodynamic force coefficients are still captured in an acceptable range, especially considering
that currently it is still very difficult to predict the behavior of the airflow at high Reynolds number
past blunt bodies by the CFD simulation, even with more advanced numerical methodology, such
as DNS and LES. Thus, the numerical parameters and numerical methodology employed in the
CFD simulations have been used to investigate the elliptical or circular cylinder with the upper
rivulet attached on top of the cylinder.

(a) Strouhal number vs. Reynolds number

(b) Drag coefficient vs. Reynolds number

Figure 4-24: Collected experimental data for low-speed flow past a smooth circular
cylinder (Cantwell & Coles, 1983)

(a) Strouhal number vs. Reynolds number

(b) RMS of lift coefficient vs. Reynolds number

Figure 4-25:Collected experimental data (Norberg, 2003)
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4.7 Summary
In this chapter, a three-dimensional stay cable with uniform incoming wind flow has been
simply modeled by using a skewed two-dimensional (2D) elliptical cylinder (EC). The data for the
model of the cable are based on the wind tunnel testing performed by Xu et al. (2006).
As a key factor in the RWIV of stay cables, the upper rivulet and its varying location within
the range of 20° ≤ θ ≤ 110° have also been included in the CFD model. The related models have
been created and meshed properly for the CFD simulation. Additionally, a 2D circular cylinder
(CC), which has been widely used by many researchers, has also been employed and modeled for
comparison. In addition to the two models-2D EC/CC with the upper rivulet, the EC/CC without
the upper rivulet have also been modeled with similar meshes to examine the role of the upper
rivulet. Overall, twenty models have been created for the 2D EC and CC.
The computation domains for each model and the meshes within each domain, especially
around the upper rivulet, have been presented in detail. The boundary conditions adopted in the
CFD simulations has been introduced too. The turbulent boundary layers have been checked on
the meshes of each model before the simulations. Some numerical characteristics, including the
aerodynamic force coefficients, Strouhal number, etc., have been defined in order to examine the
simulation results in the following sections.
Prior to the CFD simulations, the numerical method introduced in Chapter 3-RANS model
with the SST k-ω turbulence model, as well as other settings and parameters selected for numerical
solving, have been tested by using the 2D EC with airflow speed in the range of U = 6.0~18.0m/s
and the 2D CC with airflow speed of U = 14.0m/s. The aerodynamic force coefficients and Strouhal
number obtained from these verification simulations have been presented. It has been shown that
they agree well with those from some notable experiments performed by other researchers. Thus,
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the numerical method-the RANS model with SST k-ω turbulence model as well as other setting
and parameters selected for numerical solving can be used to simulate the models created before,
and they are able to capture the airflow behavior passing through the cylinders properly.
In addition, a kind of “beat” phenomenon has been clearly observed in the time-varying
aerodynamic force coefficients of 2D EC, especially in the drag coefficients, for wind speed U in
the range of 12.0~18.0m/s, and some extremely low frequency components related to such “beat”
phenomenon have been identified. Moreover, these low frequency components are highly close to
the natural frequencies of stay cable for lower order modes such as the 2nd to 6th mode, and they
may account for the low-frequency dominated RWIV and the “dry cable vibration” observed on
site by other researchers (e.g., Zuo et al., 2008).
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Results and Discussion

Rivulet attached on the upper surface of stay cable have been considered to be responsible for
RWIV of stay cables by many researchers, since the rivulet affects the flow separation on the cable
surface. Consequently, the pressure distribution along the circumference of stay cable and the
associated flow-induced forces on the stay cable are significantly changed as well. In order to
investigate the role of the upper rivulet, airflow passing through the 2D elliptical cylinder (EC)
with an upper rivulet attached (Figure 4-4, the ratio of the height of the rivulet to the diameter of
the stay cable d/D = 0.0375) was simulated with airflow speed U in the range of 6.0~18.0 m/s, and
rivulet location θ varying in the range of 20°~110°. Results obtained from the CFD simulations
on 2D elliptical cylinder (EC) with an upper rivulet are presented and discussed in the following
sections.
5.1 Aerodynamic Force Coefficients
Since one of the primary objectives of the CFD simulations is to investigate the influence of
the upper rivulet on the aerodynamic forces on the elliptical cylinder, related aerodynamic force
coefficients were calculated at every time step and were output to generate time histories. For
example, the aerodynamic force coefficients (CL, CD &CM) with respect to the non-dimensional
time t* for U = 14.0 m/s and θ = 60°, and their corresponding PSD are shown in Figure 5-1. It is
observed from this figure that the aerodynamic force coefficients vary periodically. It should be
noted that since the transient-state parts of the time-varying aerodynamic force coefficients due to
the initial conditions are insignificant and therefore they were neglected, only the steady-state parts
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are presented in this figure. Based on these time-varying aerodynamic force/moment coefficients,
detailed assessments on magnitude, variation, dominant frequencies have been conducted.

(a) CL, CD & CM

(b) PSD of CL, CD & CM
Figure 5-1: Aerodynamic force coefficients of the 2D elliptical cylinder with the rivulet (U =
14m/s, θ = 60°).
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5.1.1 Time-varying Aerodynamic Force Coefficients
The time histories of the aerodynamic force coefficients (i.e., CL &CD) obtained from the
unsteady CFD simulations for the 2D elliptical cylinder with the rivulet at varying location as well
as the varying airflow speed are presented in the Appendix A (Figure A.1 to Figure A.14,
individually). As described above, only the steady-state parts of time histories are shown. In
addition, because of minor role played by pitching moment and small amplitudes (e.g., CM in
Figure 5-1) during the vibration of stayed cables, no time history of the pitching moment
coefficient CM is presented in the Appendix A, however, it will still be analyzed and discussed in
the following sections.
In order to review the influence of upper rivulet, the time histories of the aerodynamic force
coefficients for the elliptical cylinder without the rivulet (i.e., case: EC) are also presented for
comparisons. It is noticeable that the periodically varying aerodynamic force coefficients may be
significantly affected not only in average and amplitude but also in frequency due to the rivulet,
and such effects are highly related to the location of upper rivulet. For example, for airflow speed
of U =12.0 m/s, compared to the cases without rivulet, larger amplitudes for both CL and CD, lower
average for CL and larger average for CD are shown distinctly in Figure A.4 and Figure A.11 when
the rivulet is at θ = 65°~80°. On the other hand, smaller amplitudes for CD and little changes on
CL are observed for θ = 30°~45°, 55°~60° and 90°~110°. In the frequency view, CL has been
affected to some extent by the rivulet, i.e., it is dominated by higher frequencies for θ = 30°~45°
and 110°, slightly lower frequencies for θ = 75°~85° and nearly the same frequency for others.
However, CD has been significantly affected, i.e., it is quite apparent that higher frequencies
dominate for θ = 30°~45°, 55°~60° and 90°~110°, the white-noise components for θ = 70°, and
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low-frequency components similar to the case without rivulet for the others like θ = 50°, 65° and
75°~85°.
5.1.2 Mean of Aerodynamic Force Coefficients
The mean (i.e., time-averaged) aerodynamic force coefficients for the 2D elliptical cylinder
with the varying airflow speed U and the varying rivulet location θ are shown in Figure 5-2 (as
well as in Appendix A, Figure A.15 to Figure A.17). Some noticeable characteristics are
demonstrated distinctly as follows:
(1) Within the range of airflow speeds investigated, although the Reynolds number varies from
1.314×105 to 3.943×105, the mean aerodynamic force coefficients vary slightly with the airflow
speed and the differences are limited over all. Additionally, for each kind of aerodynamic force
coefficient (i.e., CL/CD/CM) with the rivulet location θ, the variation patterns under various wind
speeds are highly similar. They are consistent with the experimental results in Xu et al. (2006).
(2) As illustrated in Figure 5-2 (or Figure A.15 to Figure A.17 in the Appendix A), all the
aerodynamic force coefficients are highly sensitive to the location of upper rivulet and vary
similarly in three distinct regions.
Region 1 (20°≤ θ < 55°~ 60°). For the airflow speed U ≤ 14.0 m/s, all the aerodynamic force
coefficients of the 2D elliptical cylinder with the rivulet are very close to the results for the 2D
elliptical cylinder without the rivulet attached on (Case EC, Table 4.5). For U ≥ 16.0 m/s, except
for θ = 50°, CL is -0.43 ~ -0.52 and is less than that for the case without rivulet (which is in the
range of -0.58 ~ -0.59); CD is 1.38 ~ 1.51 and is slightly lower than that for the case without rivulet,
(which is in the range of 1.51~1.56). The coefficient CM is quite close to that for the case without
rivulet for all airflow speeds investigated. Thus, the upper rivulet in this region has little effects on
CM, as well as CL and CD for U ≤ 14 m/s, and moderate effects on CL and CD for U ≥ 16.0 m/s.
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Region 2 (55°~ 60° ≤ θ ≤ 90°~ 95°). Obviously, each aerodynamic coefficient undergoes a
significant change in the amplitude when the upper rivulet falls in this region: CL increases rapidly
by 69.1~158.3% in the negative direction, i.e., from (-0.40 ~ -0.52) to (-0.88 ~ -1.07), which starts
at θ = 60° (U ≤ 14.0 m/s) or 55° (U ≥ 16.0 m/s) and reaches the maximum at θ = 70° ~ 80°. Then,
it decreases gradually back to the original level, i.e., (-0.33~ -0.47) at θ = 90°. Similarly, CD
increases too, by 20.9~45.6%, i.e., from (1.46 ~ 1.58) to (1.82 ~ 2.13), which also starts at θ = 60°
and reaches the maximum at θ = 70° ~ 75°. Then it decreases to (1.37~1.48), which is slightly less
than that for the case without rivulet. Both CL and CD reach their own minimums at θ = 90°, except
only for few cases, like CL (U = 8.0 m/s) and CD (U = 10.0 m/s) at θ = 95°. CM firstly drops by
around two thirds, i.e., from around 0.15 at θ = 60° down to 0.05 at θ = 75°~80°, then increases
back to the original level to approximately 0.15 at θ = 90° and reaches the maximum at θ = 95°.
Thus, all the aerodynamics coefficients are significantly affected when the upper rivulet is located
in this region.
Region 3 (90°~ 95° < θ ≤ 110°). After θ = 90° or 95°, all the aerodynamic force coefficients
gradually return to and stay at the level of Region 1. Thus, the upper rivulet in this region has the
similar effect as in the Region 1 on the aerodynamic force coefficients of the elliptical cylinder.
The variations of the aerodynamic force coefficients captured by the CFD simulation due to
the upper rivulet, especially in Region 2, are highly consistent with the experimental results
presented by Xu et al. (2006), except for minor differences about the region limits, e.g., slightly
wider Region 2 were reported by them: 50°≤ θ ≤100° for CL and 35°≤ θ ≤ 90° for CD. However,
no data for CM was reported.
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(a) Mean lift force coefficient

(b) Mean drag force coefficient
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(c) Mean pitching moment coefficient

Figure 5-2: Mean aerodynamic force coefficients of the 2D elliptical cylinder versus the
location of the upper rivulet
5.1.3 RMS of Aerodynamic Force Coefficients
The root mean square (RMS) value of the aerodynamic force coefficients are shown in Figure
5-3 (as well as in Appendix A, Figure A.18 to Figure A.20 individually). Compared to the mean
values, it can be easily observed that the RMS values perform differently: the RMS of CL is much
larger than the mean of CL, because the time-varying CL swings periodically between positive and
negative values with large amplitudes. However, the RMS of CD is closer in value to the
corresponding mean value since CD is positive all the time. The RMS of CM is slightly larger than
the corresponding mean CM, except for the value in Region 2 considering that CM is positive in
most cases with large amplitudes and occasionally becomes negative with tiny amplitudes.
Moreover, RMS of CL, CD and CM behave similar to the corresponding mean values, especially on
the characteristics discussed above: (i) the RMS values change slightly in magnitude over the
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varying airflow speeds investigated; and (ii) the RMS values vary similarly in the three regions
(Region 1 to 3) and two clearer region boundaries are shown at θ = 60° and 90°.
The RMS of CL remains nearly constant around 1.0 in Regions 1 and 3 over the varying airflow
speed. For U ≤ 14.0 m/s, the results of the cases with the rivulet are quite close to those of the
cases without the rivulet and the maximum difference is only 8.5% occurring at θ = 50° and U =
14.0 m/s; for U ≥ 16.0 m/s, the RMS of CL is lower by 5.4 ~ 14.1% in comparison with the cases
without the rivulet. In Region 2, the RMS of CL climbs dramatically from (0.97~1.02) at θ = 60°
to the maximum (1.27~1.68) at θ = 70°, and then declines to the minimum (0.82~0.87) at θ = 90°.
Within most of Region 2, the RMS of CL is larger than that of the case without the rivulet, i.e.,
0.97~1.09. These results imply that the CL varies violently with larger amplitudes because of the
upper rivulet, especially when the rivulet is located at θ = 70°, which can be confirmed from the
time-histories of CL in the Appendix A.
Similarly, in Regions 1 and 3 also, the RMS of CD is highly consistent with the results without
the rivulet, especially for U ≤ 14.0 m/s, and the maximum difference is only 9.9% occurring at θ
= 95° and U = 16 m/s. In Region 2, the RMS of CD rises from (1.47~1.59) at θ = 60° up to the
maximum (1.85~2.15) at θ = 70° or 75° and then drops to the minimum (1.39~1.50) at θ = 90°.
For some cases, the downtrend is even maintained until θ = 95°, for example for airflow rate of U
= 10 m/s. Within most of the Region 2, the RMS of CD is much larger than the results of the cases
without the rivulet ( i.e., 1.47 ~ 1.57). These results indicate that the variation of CD is considerably
amplified by the presence of rivulet.
Similar to the RMS of CL and CD, the RMS of CM also agrees well with the results without the
rivulet in Region 1 and the maximum difference is only 11.0% at θ = 50° and U = 18.0 m/s. When
it comes to Region 2, it falls first and reaches the minimum around 0.12 at θ = 70° or 75°, then
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climbs up to (0.18~0.19) at θ = 90°. The uptrend continues until it reaches the maximum
(0.19~0.20) at θ = 95° in Region 3, then the RMS of CM drops back to the level as in Region 1,
i.e., around 0.18. Hence, the variation of CM is reduced by around one third when the rivulet locates
at Region 2, however, it is barely affected when the rivulet locates at Regions 1 and 3.
In sum, the aerodynamic force coefficients vary violently and are significantly affected by the
upper rivulet when it locates at Region 2 and beyond it, the influence of the rivulet is slight and
could be neglected.

(a) RMS of lift force coefficient
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(b) RMS of drag force coefficient

(c) RMS of pitching moment coefficient
Figure 5-3: RMS of mean aerodynamic force coefficients of the 2D elliptical cylinder versus
the location of the upper rivulet
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5.1.4 Dominant Frequencies for Aerodynamic Force Coefficients
Figure 5-1 indicates distinctly that the time-varying drag coefficient CD was dominated by
multiple lower frequencies that may affect the RWIV of the stay cable. Thus, for a better
understanding the variation of the aerodynamic force coefficients (CL &CD), all the related time
histories were reviewed in frequency domain via PSD analyses.
5.1.4.1 Lift Coefficient

Figure 5-4: Dominant frequencies of lift coefficient of the 2D elliptical cylinder versus the
location of the upper rivulet
The time histories of the lift coefficient CL for the cases with the rivulet (in Appendix A) show
clearly that all time-varying CL are dominated by single frequency and these dominant frequencies
fL are plotted together in Figure 5-4. Apparently, the domain frequency fL increases with an increase
in the airflow speed, which agrees well with the fact that the vortex behind the cylinder sheds faster
for a higher speed airflow. In addition, the influence of the upper rivulet on fL intensifies gradually
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with an increase in the airflow speed: (i) for the lower speed in the range of U = 6.0~8.0 m/s, fL
changes slightly with the varying rivulet location θ; (ii) as the airflow increase to the range of U =
10.0~14.0 m/s, a moderate impact can be observed. For example, fL drops to a lower level when
the rivulet is located in the interval of θ = 65°~90°; (iii) as the airflow speed increases to the range
of U = 16.0~18.0 m/s, the impact becomes more significant, as noted from noticeable fluctuations
and sharp peaks for fL present for θ in the range of 50°~95°.
In summary, the lift coefficient is indeed affected in the frequency domain due to the upper
rivulet and the effect is irregular and highly related to the rivulet location. However, the effect is
still moderate and thus the dominant frequency fL is roughly fluctuating around fL0. Moreover, for
all the cases with the rivulet, a lower fL, which is less than the corresponding fL0, shows frequently
when the rivulet is located in the range of (60°~ 65°) < θ < 90°, roughly coinciding with the
Region 2 (55°~ 60° ≤ θ ≤ 90°~ 95°) in the mean CL.
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5.1.4.2 Drag Coefficient

Figure 5-5: Dominant frequencies of drag coefficient of the 2D elliptical cylinder versus the
location of upper rivulet
The time histories of the drag coefficient CD in the Appendix A indicate that the periodic timevarying CD is significantly affected in the frequency domain due to the location of the rivulet,
which is also confirmed by the PSD analysis. The dominant frequencies fD versus the rivulet
location θ for all the cases are plotted in Figure 5-5. In comparison with Figure 5-4, fD is roughly
consistent with fL in most cases. However, sharper peaks and abrupt drops in Figure 5-5
demonstrate more significant influences on the time-varying drag coefficient CD when the rivulet
falls in some critical zones, e.g. at 50°< θ < 80°. Furthermore, the PSD analyses reveal another
notable distinction that deserves to be emphasized: unlike the lift coefficient CL, which are
dominated by single frequency, multiple frequency components, especially some low frequencies,
were present in the PSD of the drag coefficient CD. Moreover, those low frequencies which are
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much less than fL, even around a half of fL, are very close to the natural frequencies of prototype
stay cables corresponding to lower order modes (e.g., 2nd to 6th modes, in Zuo et al., 2008), and
thus may account for the WRIV of stay cables.
To gain insight into those low frequencies, all time-varying drag coefficient CD are reviewed
in depth in the frequency domain and discussed in the following, as well in comparison with the
corresponding cases without the rivulet. First of all, some notations are defined for the ease of
comparison: (i) Based on the descending order of the peak amplitudes in PSD plots, the harmonic
frequency components are designated as fD_01, fD_02 and fD_03 for the EC without rivulet and as fD_1,
fD_2 …and fD_5 for the EC with rivulet, of which fD_01 and fD_1 are the dominant frequencies for the
cases without and with rivulets, respectively. (ii) PRn refers to the ratio between the peak amplitude
corresponding to the harmonic fD_n over the peak amplitude of the dominant frequency fD_1 in the
same PSD plot.
(1) U = 6.0m/s. As shown in Figure 5-6, the time-varying CD for EC without rivulet is
characterized by two lower harmonics (1st and 2nd) and is dominated by the fundamental frequency
of 4.21Hz (fD_01). Similarly, the time-varying CD for EC with rivulet is characterized mainly by 1st
to 2nd harmonics too and generally dominated by the fundamental frequency (i.e., the 1st harmonic)
ranging from 3.60Hz to 4.35Hz, i.e., in the vicinity of fD_01, except for the rivulet location range of
θ =65° ~ 75°, where the 2nd harmonic prevails. Besides, the 1st ~ 3rd harmonics appears too at θ
=65° with detectable peak amplitude in the PSD plot.
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Figure 5-6: Dominant frequency of drag coefficient of the 2D EC versus the location of
upper rivulet (U = 6.0 m/s).

Figure 5-7: Dominant frequency of drag coefficient of 2D EC versus the location of upper
rivulet (U = 8.0 m/s).
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(2) U = 8.0m/s. As shown in Figure 5-7, the time-varying CD for EC without rivulet is
characterized by two lower harmonics (1st and 2nd) and is dominated by the fundamental frequency
of fD_01 = 5.60Hz. Similarly, the time-varying CD for EC with rivulet is characterized mainly by
the 1st to 2nd harmonics too and is generally dominated by the one within the range of 4.80Hz to
6.30Hz. However, the dominant frequency fD_1 undergoes a steep jump at θ = 65° to 10.47Hz and
then is followed by a sudden drop at θ = 70° to 2.43Hz. Besides the sudden change of fD_1 at such
locations, multiple harmonics, including higher-order harmonic components show up too. For
example, the 4th harmonic appears along with the 1st harmonic at θ = 65° and five harmonics (1st
to 5th) are observed at θ = 70°. Also, it is highly noticeable that the fundamental frequency drops
significantly to 2.64Hz at θ = 65° and to 2.43Hz at θ = 70°, which are even less than a half of fD_01
= 5.66 Hz(i.e., the fundamental frequency for EC without rivulet). In addition, the low fundamental
frequency prevails many other frequency components in the PSD of CD. As shown in Figure 5-8,
the fundamental frequency 2.64Hz (fD_2) at θ = 65° is substantially smaller compared to the
dominant frequency fD_1 = 10.47Hz with a high peak amplitude ratio of PR2 = 0.731. At rivulet
location of θ = 70°, although the PSD analysis shows that the power is dispersedly distributed
among multi-harmonics, the low fundamental frequency of 2.43Hz acts as the dominant frequency.
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(a-1) θ = 65°

(b-1) θ = 70°

(a-2) θ = 65°

(b-2) θ = 70°

Figure 5-8: Time histories and PSD of the drag coefficients for the 2D EC with the
rivulet (U = 8.0 m/s)
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Figure 5-9: Dominant Frequency of drag coefficient of the 2DEC versus the location of
upper rivulet (U = 10.0 m/s).
(3) U = 10.0m/s. As shown in Figure 5-9, the time-varying CD for EC without rivulet is
characterized by two lower harmonics (1st and 2nd) and is dominated by the fundamental frequency
of 7.00Hz (fD_01). Similarly, the time-varying CD for EC with rivulet is characterized mainly by the
1st to 2nd harmonics and is generally dominated by one of them. The dominant frequency fD_1
ranges from 6.14Hz to 9.00Hz, except in the rivulet locations:
o 25° < θ < 50°, where the dominant frequency fD_1 fluctuates wildly between the 1st and 2nd
harmonics. However, it is quite explainable because of their highly comparable contributions
illustrated in the PSD plots. As shown in Figure 5-10, the peak amplitude ratios PR2 are 0.776
at θ = 30°, 0.908 at θ = 35°, 0.965 at θ = 40° and 0.931 at θ = 45°, respectively;
o θ = 70°, the dominant frequency fD_1 drops significantly down to 2.53Hz. Multi-harmonic
frequencies, including higher-order harmonics, such as six harmonics (1st ~ 4th and 6th ~7th) at
θ = 65°, three harmonics (2nd, 3rd and 7th) at θ = 70° and five harmonics (1st to 5th) at θ = 80°,
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are also present when the rivulet is located in the Region 2. In addition, some extremely low
fundamental frequencies are presented noticeably at such locations: 2.23Hz at θ = 65°, 2.53Hz
at θ = 70° and 2.92 Hz at θ = 80°, which are only around one third of fD_01 = 6.97Hz (the
fundamental frequency for the EC without rivulet). Furthermore, The PSD analyses illustrate
that these low fundamental frequencies hold relatively high peak amplitudes in comparison with
the dominant frequencies and even act as the dominant frequency, as shown in Figure 5-11.
Furthermore, the ratios of peak amplitudes are PR2 = 0.965 and PR3 = 0.657 at θ = 65°, and PR2
= 0.306 at θ = 80°, respectively. Moreover, the low fundamental frequency 2.53Hz prevails all
other harmonic components as the dominant frequency at θ = 70°.

(a) θ = 30°

(b) θ = 35°

(c) θ = 40°

(d) θ = 45°

Figure 5-10: PSD of the drag coefficients for the 2D EC with the rivulet (U = 10.0 m/s)
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(a-1) θ = 65°

(b-1) θ = 70°

(c-1) θ = 80°

(a-2) θ = 65°

(b-2) θ = 70°

(c-2) θ = 80°

Figure 5-11: Time histories and PSD of the drag coefficients for the 2D EC with the rivulet
(U = 10.0 m/s)
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Figure 5-12: Dominant Frequency of drag coefficient of the 2D EC versus the location of
upper rivulet (U = 12.0 m/s)
(4) U = 12.0m/s. As shown in Figure 5-12, the time-varying CD for EC without rivulet is
characterized by 4 harmonics (1st to 4th), the fundamental frequency is 3.84Hz (fD_02) and the
dominant frequency is fD_01 = 7.69Hz (2nd harmonic). However, the time-varying CD for EC with
rivulet are characterized mainly by one or two harmonics (1st to 3rd) and in general are dominated
by the one which ranges from 6.90Hz to 10.40Hz. Higher-order harmonics are also present when
the rivulet is located in the Region 2: 4 harmonics (1st to 3rd & 5th) at θ = 50°, 4 harmonics (1st to
4th) at θ = 65° and 3 harmonics (1st to 3rd) at θ = 75° and 85°. Ultra-harmonics may also be present
when the CD varies violently. For example, two ultra-harmonics components, i.e., fD_1= 2.52fD_2=
6.90Hz and fD_3= 3.52fD_2= 9.64Hz, are identified at θ = 80°. Besides the multi-harmonics and
ultra-harmonics, one more distinctive characteristic deserves to be addressed: at such locations,
the fundamental frequency fD_1 drops significantly to around or even below fD_02 (the fundamental
frequency for EC without rivulet), such as 3.77Hz at θ = 50°, 3.97Hz at θ =65°, 3.42Hz at θ =75°,
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2.74Hz at θ = 80° and 3.53Hz at θ =85°. Additionally, these low fundamental frequencies are
distinguished clearly from other frequency components by high peak amplitudes in the PSD plots,
as shown in Figure 5-13. The ratios of peak amplitudes PR2 are 0.815 at θ = 50°, 0.961 at θ = 75°,
0.303 at θ = 80° and 0.693 at θ = 85°, respectively. Furthermore, the low fundamental frequency
3.97Hz turns into the dominant frequency at θ = 65°.

(a-1) θ = 50°

(b-1) θ = 65°

(c-1) θ = 75°

(d-1) θ = 80°

(e-1) θ = 85°
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(a-2) θ = 50°

(b-2) θ = 65°

(d-1) θ = 80°

(c-3) θ = 75°

(e-1) θ = 85°

Figure 5-13: Time histories and PSD of the drag coefficients for the 2D EC with the rivulet
(U = 12.0 m/s)
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Figure 5-14: Dominant Frequency of drag coefficient of the 2DEC versus the location of
upper rivulet (U = 14.0 m/s).
(5) U = 14.0m/s. As shown in Figure 5-14, the time-varying CD for EC without rivulet is
characterized by 3 harmonics (1st to 3rd), the fundamental frequency is 4.34Hz (fD_02) and the
dominant frequency fD_01 is around the 2nd harmonic frequency of 8.89Hz. However, the timevarying CD for EC with rivulet is mainly characterized by one or two harmonics (1st to 3rd) and in
general is dominated by the one which in the range of 8.00Hz to 13.25Hz. Higher-order harmonics
are also present when the rivulet is located in the Region 2: 4 harmonics (1st to 3rd and 5th) at θ =
50°, 5 harmonics (1st to 5th) at θ = 60°, 5 harmonics (1st to 4th and 7th) at θ = 65°, 4 harmonics (1st
to 3rd and 6th) at θ = 75°, and 5 harmonics (1st to 5th) at θ = 90°. Besides the higher-order harmonics,
the fundamental frequency drops significantly to around or even below fD_02 (the fundamental
frequency for EC without rivulet): 4.41Hz at θ = 50°, 4.47Hz at θ = 60°, 3.08Hz at θ = 65°, 4.06Hz
at θ = 75°, and 4.72Hz at θ = 95°. In addition, high contribution of those low fundamental
frequencies can be easily identified by the corresponding high peak amplitudes in the PSD plots,
as shown in Figure 5-15. The ratios of peak amplitudes between such low fundamental frequencies
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and the corresponding dominant frequencies are PR3 = 0.571 at θ = 50°, PR3 = 0.551 at θ = 65°,
PR2 =0.644 at θ = 75°and 0.294 at θ = 95° respectively. Especially at θ = 60°, the low fundamental
frequency of 4.47Hz prevails all other frequency components and turns into the dominant
frequency.

(a-1) θ = 50°

(b-1) θ = 60°

(c-1) θ = 65°

(d-1) θ = 75°

(e-1) θ = 80°
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(f-1) θ = 95°

(a-2) θ = 50°

(d-2) θ = 75°

(b-2) θ = 60°

(e-2) θ = 80°

(c-2) θ = 65°

(f-2) θ = 95°

Figure 5-15: Time histories and PSD of the drag coefficients for the 2DEC with the rivulet
(U = 14.0 m/s)
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Figure 5-16: Dominant Frequency of drag coefficient of the 2DEC versus the location of
upper rivulet (U = 16.0 m/s).
(6) U = 16.0m/s. As shown in Figure 5-16, the time-varying CD for EC without rivulet is
characterized by 4 harmonics (1st to 4th), the fundamental frequency is 5.11Hz (fD_04) and the
dominant frequency fD_01 is the 2nd harmonic at 10.22Hz. However, the time-varying CD for EC
with rivulet is commonly characterized by one or two low-order harmonics (1st to 2nd) and is
generally dominated by the one within the range between 9.20Hz and 13.40Hz. Higher-order
harmonic such as the 3rd to 5th harmonics may also be present when the rivulet is located at θ =
50°, 60°~65° and 75°~80°. Similar to U = 14.0 m/s, at such locations, the fundamental frequency
may experience an abrupt drop down to the vicinity of fD_04 (i.e., the fundamental frequency for
EC without rivulet): 4.34Hz at θ = 50°, 5.09Hz at θ = 60°, 4.60Hz at θ = 75° as well as 5.49Hz at
θ = 95°. In addition, high contribution of such low fundamental frequencies can be easily identified
by the corresponding high peak amplitudes in the PSD plot. As shown in Figure 5-17, the ratios of
peak amplitudes between the low fundamental frequency and the dominant frequency are PR3 =
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0.303 at θ = 50° and PR3 =0.316 at θ = 95°, respectively. However, at θ = 60° and 75°, the low
fundamental frequencies 5.08Hz and 4.60Hz prevail all other frequency components and turn into
the dominant frequencies. One distinctive characteristic in the PSD for θ = 80° deserves to be
noted: as shown in Figure 5-17, the frequency fD_2 = 9.69Hz is present with a relative high peak
amplitude (i.e., the ratio of peak amplitude is PR2 = 0.720), in the vicinity of the dominant
frequency fD_1 = 9.21Hz.

(a-1) θ = 50°

(b-1) θ = 60°

(c-1) θ = 75°

(d-1) θ = 80°

(e-1) θ = 95°
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(a-2) θ = 50°

(d-3) θ = 80°

(b-2) θ = 60°

(d-4) θ = 80°, close-up view

(c-2) θ = 75°

(e-2) θ = 95°

Figure 5-17: Time histories and PSD of the drag coefficients for the 2D EC with the rivulet
(U = 16.0 m/s)
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Figure 5-18: Dominant Frequency of drag coefficient of the 2DEC versus the location of
upper rivulet (U = 18.0 m/s).
(7) U = 18.0m/s. As shown in Figure 4-22, the time-varying CD for EC without rivulet is
characterized by 4 harmonics (1st to 3rd and 5th), the fundamental frequency is 5.72Hz (fD_02), the
dominant frequency fD_01 is the 3rd harmonic 17.16Hz and the low fundamental frequency holds a
relative high spike with the ratio of peak amplitudes PR2 = 0.656. While, as shown in Figure 5-18,
the time-varying CD for EC with rivulet is mainly characterized by one or two low-order harmonics
(1st to 2nd) and is generally dominated by the one in the range between 10.40Hz and 17.20Hz,
except at θ = 70° where many noise components are present. Higher-order harmonic components,
such as the 3rd to 5th harmonics, may be found with noticeable peak amplitudes in the PSD plots,
when the rivulet is located at θ = 50°, 60°~65° and 75°~80°. Meanwhile, the fundamental
frequency may drop significantly down to the vicinity of fD_02 (the fundamental frequency for EC
without rivulet): 5.74Hz at θ = 50°, 5.39Hz at θ = 65° and 5.22Hz at θ = 75°. Additionally, the
high-peak amplitudes in the PSD plots, as shown in Figure 5-19, manifest clearly that such low
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fundamental frequencies play an important role in the frequency domain, and the ratios of peak
amplitudes between the low fundamental frequency and the dominant frequency are PR3 = 0.664
at θ = 50°, PR3 = 0.288 at θ = 65° and PR3 = 0.646 at θ = 75°, respectively. However, after θ ≥ 80°,
the role of such low fundamental frequency component decreases gradually and finally disappears.
The Figure 5-19 illustrates clearly that such peak amplitude is weak, but still detectable at θ = 80°
(corresponding to 2.90Hz), and then becomes negligible at θ = 85°.

(a-1) θ = 50°

(b-1) θ = 65°

(c-1) θ = 75°
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(a-2) θ = 50°

(b-2) θ = 65°

(d) θ = 80°

(c-2) θ = 75°

(e) θ = 85°

Figure 5-19: Time histories and PSD of the drag coefficients for the 2D EC with the rivulet
(U = 18.0 m/s)
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Some other distinctive characteristics also deserve emphasis: the time history of the drag
coefficient CD for θ = 70° indicates clearly that some low frequencies may exist, which is also
confirmed by the PSD analysis. Figure 5-20 shows that two extremely low frequency components,
i.e., fD_2 = 0.48Hz and fD_4 = 0.64Hz, are present with the significant high peak amplitudes and
their corresponding peak amplitude ratios are PR2 = 0.788 and PR4 = 0.556 respectively. In
addition, another frequency component fD_3 = 13.45Hz, which is quite close to the dominant
frequency fD_1, is also present. The peak amplitude ratio for this frequency is is PR3 = 0.463.

(a) Time history of CD
fD_2 & fD_4

fD_1
fD_1 & fD_3

fD_2
fD_3
fD_4

(b) PSD of the time
history of CD

(c-1) close-up view
at fD_2 & fD_4

(c-2) close-up view
at fD_1 & fD_3

Figure 5-20: PSD of the drag coefficients for the 2DEC with the rivulet at θ = 70° (U = 18.0
m/s)
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In summary, in comparison with the lift coefficients, more severe influence from the upper
rivulet on the drag coefficients has been demonstrated in frequency domain, and the related
characteristics are clearly exhibited by the PSD analyses:
1) In addition to the dominant frequency, more harmonic frequency components are identified
with relatively high contributions, which are similar to that for the 2D EC without the rivulet;
2) More dramatic fluctuations of the dominant frequency fD versus the rivulet location θ are
observed;
3) Some extremely low frequency components (e.g., around 1/2, even 1/3 order of the
corresponding dominant frequency of the lift coefficient fL) are identified extensively under all
airflow speeds, except U = 6.0 m/s and for the rivulet located in a certain “critical” zone (within
Region 2, i.e., 50° ≤ θ ≤ 85°);
4) Presence of such low frequency components with relatively high peak amplitudes in the
PSD plots, in comparison with the corresponding dominant frequencies, plays an important role in
RWIV of cables. In some cases, they may even prevail all other frequency components and act as
the dominant frequency.
For a better review, the low frequencies obtained in the CFD simulations are tabulated and
summarized in Table 5.1, and the frequencies with the peak amplitude ratio PR ≥ 0.5 are marked
in bold. Apparently, the presence of these low frequency components strongly depends on the
rivulet location θ as well as the airflow speed U,
1) For U = 6.0 m/s, no such low frequency is present;
2) For 8.0 m/s ≤ U ≤ 10.0 m/s, there is a single “critical” zone for the rivulet, i.e., 65° ≤ θ ≤
70°. More critically, at θ = 70°, the low frequency acts as the dominant frequency;
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3) With the increase of airflow speed U, more “critical” zone/location appears. Firstly, the
former “critical” zone gradually splits into two: one moves to a lower value of θ = 60°~65° for
12.0 m/s ≤ U ≤ 16.0 m/s and the other moves to an upper value of θ = 75° for 12.0 m/s ≤ U ≤ 18.0
m/s. Secondly, θ = 50° presents as another “critical” location for 12.0 m/s ≤ U ≤ 18.0 m/s.
4) For 10.0 m/s ≤ U ≤ 16.0 m/s, the low frequency components are also present in the zone θ
= 80°~95°. However, only moderate or low contributions of these low frequency components are
observed in the PSD analyses, except for θ = 85° and U =12.0m/s.
Table 5.1: Low fundamental frequency components observed in the drag coefficients of the 2D
EC with rivulet (Unit: Hz)
Airflow Speed U (m/s)

Rivulet
6.0

8.0

10.0

12.0

14.0

16.0

18.0

No Rivulet

3.82

4.34

5.11

5.69

θ = 50°

3.77

4.41

4.39

5.74

4.47*

5.08*

θ = 60°
θ = 65°

2.64

2.22

θ = 70°

2.43*

2.54*

θ = 75°
θ = 80°
θ = 85°

3.96*

(5.40)
0.48

3.43
2.89

3.08
4.04

4.60*

(4.72)

5.44

5.26

2.72
3.53

θ = 95°

Note: 1) Bold with star symbol (*) --- Dominant frequencies (i.e., the ratio of peak amplitudes PR1 =1.0);
2) Bold --- Low fundamental frequencies with High contribution (i.e., the ratio of peak amplitudes 0.5 ≤ PRn < 1.0);
3) Regular--- Low fundamental frequencies with Moderate contribution (i.e., the ratio of peak amplitudes 0.3 ≤ PRn
< 0.50);
4) Regular and bracketed--- Low fundamental frequencies with detectable but Low contribution (i.e., the ratio of
peak amplitudes 0.20 ≤ PRn < 0.30).

5.2 Strouhal Number St2b
The spectral analyses of the time-varying lift/drag coefficients reveal the variation in the
dominant frequency of fluctuating aerodynamic forces due to the variable rivulet location. Figure
5-21 illustrates such variation in terms of the Strouhal number 𝑆𝑡2𝑏 = 𝑓v (2𝑏)⁄𝑈 , where fv is the
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vortex shedding frequency, which can be identified by the spectrum analyses of time-varying lift
and drag aerodynamic forces, b is the length of semi-minor axis of the ellipse and U is the incoming
speed of airflow. Additionally, an upper bound St2b = 0.132 (EC: eccentricity e = 0.80 and attack
angle α = 55°, Modi et al., 1991) and a lower bound St2b = 0.086 (EC: e = 0.92 and α = 55°, Modi
et al, 1991) are also included herein for comparison. Such variations are also illustrated
individually by wind speed in the Appendix A (Figure A.23).

(e = 0.886)

Figure 5-21: Variation of the Strouhal number St2b versus the location of upper rivulet θ
Apparently, the Strouhal number St2b varies significantly with the varying location of upper
rivulet θ for nearly all wind speeds simulated because of the similarly varying dominant
frequencies of the aerodynamic lift/drag coefficients. However, a close examination shows that
such variation is highly related to the rivulet location and some distinctive characteristics exhibited
are worth noting.
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In spite of the upper rivulet attached, the Strouhal number St2b for all the cases simulated
roughly falls within the aforementioned range of 0.086~0.132, except some cases of steep drops.
For 20° ≤ θ ≤ 45° and 100° ≤ θ ≤ 110°, the Strouhal number St2b fluctuates slightly or moderately,
and at θ = 30°~45° (14.0 m/s ≤ U ≤ 18.0 m/s) and θ = 100°~110° (16.0 m/s ≤ U ≤ 18.0 m/s), St2b
are only slightly above the upper bound of 0.132 by no more than 3.0%.
Within the range of 50° ≤ θ ≤ 95°, roughly consistent with the Region 2, St2b stays at a lower
level for all the cases. Remarkably, dramatic variations are observed for nearly all the wind speeds
simulated as the rivulet is located in the range of 60° ≤ θ ≤ 75°. Specifically, St2b drops significantly
from 0.10~0.11 to an extremely lower level around 0.040~0.053 at some critical rivulet location
(denoted as θcl) and then rebounds steeply to the nearby position before dropping, for the wind
speeds 8.0 m/s ≤ U ≤ 16.0 m/s. For example, for U = 8.0 m/s, St2b stays steadily around 0.11 at θ
= 50°~65°, then drops abruptly to 0.05 at θcl = 70°, and rebounds sharply to 0.10 at θ = 75°,
subsequently increases slowly to 0.11 until θ = 95°. Similar drop-rebound behaviors occur at θcl
= 70° for U = 10.0 m/s, at θcl = 65° for U = 12.0 m/s, at θcl = 60° for U = 14.0 m/s and at θcl = 60°
and 75°for U = 16.0 m/s. These sharp drops need to be emphasized and they are summarized in
Error! Reference source not found., including the lowest Strouhal numbers SL and the Strouhal
numbers before and after such drops. Apparently, the upper rivulet changes the vortex shedding
and the fluctuating aerodynamic forces acting on the cylinder in frequency significantly, when it
is located at such critical locations.
The drop-rebound behavior of Strouhal number captured by the CFD simulations is consistent
with the finding presented by other researchers to a great extent. Similar results were identified
experimentally by Ekmekci and Rockwell (2010) through a circular cylinder with a circular surface
disturbance attached on. As shown in Figure 5-22, the Strouhal number S drops abruptly from SK3
164

= 0.20~0.22 to SL = 0.01~0.05 for the surface disturbance located at a critical location θcl = 55°,
then it jumps quickly to SK1= 0.16 ~ 0.18 which is slightly lower than SK1 at θ = 60°.
Table 5.2: Abrupt drops of Strouhal number St2b versus the rivulet location θ
Rivulet

Airflow Speed U (m/s)
6.0

8.0

10.0

12.0

14.0

16.0

0.1061

0.1179

0.1035

0.0511*

0.0509*

θ = 55°
θ = 60°

0.1117

θ = 65°

0.1058

0.1072

0.0529*

0.1043

0.1018

θ = 70°

0.0485*

0.0404*

0.0994

0.0935

0.1246

θ = 75°

0.0999

0.0982

θ = 80°

18.0

0.0460*
0.0921

Note: the low value of Strouhal numbers SL shown Figure 5-22 in are marked in bold with star symbol
(*).

Figure 5-22: Variation of the Strouhal number S with the angular position of the wire
(Kmekci and Rockwell, 2010)
Subsequently, the Strouhal number stays steadily at SK1 until θ = 80°, then increases to SK2 =
0.19~0.21 after θ = 85° which is slightly less than SK3, since little influence from the surface
disturbance was observed. Such behavior of the Strouhal number due to far moving of the surface
disturbance, i.e., rebounding to the nearby position prior to the abrupt drop is also captured by the
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present CFD simulations for the 2D EC with the rivulet. As shown in Figure 5-21, St2b recoveries
to the nearby position prior to dropping at θ = 90°~95° for nearly all the cases and the influence
from the rivulet on St2b is hardly observed after θ = 100°.
5.3 Downstream Structure
The vortical structures in the wake of the 2D EC have been widely observed in the present
study, and the visualization results-instantaneous vorticity contours in the cases- EC with the upper
rivulet for the airflow speed U =12.0m/s and 14.0m/s are representatively selected and presented
in Figure 5-23 and Figure 5-24, respectively. Moreover, in order to further examine the influence
of the upper rivulet on the vortex pattern at the downstream, the corresponding results from the
cases-EC without the rivulet are shown together for comparison. It should be noted that all the
instantaneous vorticity contours were generated with the non-dimensional time t* >100, i.e.,
sufficient simulation time has already been allowed to stabilize the flow in the far downstream
region.
Some common characteristics are shown apparently. First, the vortices were generated at the
back of the EC and then detached alternatively from the upper side and lower side in opposite
directions as traveling downstream, i.e., the Von Kármán vortex shedding phenomenon has been
clearly observed in all cases. Second, due to the skewed orientation, the strength of the positive
vortices (counterclockwise, red contours) are higher than that of the negative vortices (clockwise,
blue contours). Furthermore, as a result of such imbalance in strength, the vortex streets tilted
down and no longer aligned horizontally with respect to the incoming flow.
However, due to the varying location of the upper rivulet θ, some notable variations about the
vortices structure between the cases selected can be also observed. One of the most distinct
variations is that the vortices vary in quantity along with θ and the vortices in the cases selected
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are counted and listed in Table 5.3. Considering the positive and negative vortices shown
alternatively in the vortex streets, only the positive ones were counted. In most cases simulated,
no merging or splitting occurs during the primary vortices travelling downstream. In such cases,
the number of the primary vortex is roughly proportional to the vortex shedding frequency within
the same computation domain, i.e., the more primary vortices were there, higher the frequency the
vortices shed. Additionally, the vortices also vary significantly in size, shape and longitudinal
spacing. To better examine the effect of θ, the variations about the vortex shedding patterns are
discussed further in details below,
(1) θ = 20°~25°. 7 vortices for U = 12.0m/s and 6 for U = 14.0m/s were detected. The numbers
are the same for their corresponding cases- EC without rivulet. Except some small but visible
differences in the case θ = 25° with U = 14.0m/s, the vortices structure in all the other cases are
nearly identical to the case- EC without the rivulet from the aspects of vortex size, shape and
longitudinal spacing. Overall, the vortex pattern is highly similar to that in the cases- EC without
the rivulet. Thus, only slight influence was detected when the rivulet was located in this range,
which is consistent with the variations of the time-varying lift and drag coefficients in the
Appendix (Figure A.4 and Figure A.5), as well as the results in the frequency analyses shown in
Figure 5-12 and Figure 5-14.
(2) θ = 30°~45°. For both U = 12.0m/s and 14.0 m/s, the vortex patterns in the wake are visually
identical. Compared with the cases- EC only and θ = 20°~25°, some difference can be identified.
First, vortices are of relatively smaller size, i.e., in lower strength. Second, the longitudinal spacing
between the co-rotating vortices is smaller and it indicates that the vortices were shed in higher
frequency, which is also in line with the periodical varying lift and drag coefficients in the
Appendix (Figure A.4 and Figure A.5). Third, vortices in a droplet shape are observed close to the
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EC, then they turn out to be in triangle shape and afterwards in stretched elliptical shape. Fourth,
the alternating vortex pattern turns out to be continuous street at the downstream, while it is not
observed in the cases- EC only and θ = 20°~25°. In addition, the vortex street in the wake aligns
much closer to the horizontal center line, especially the positive vortices (red color).
(3) θ = 50°. Compared with the cases for θ = 30°~45°, large changes can be clearly observed.
First, only 6 complete vortices are observed, which are two less than for the cases of θ = 30°~45°.
The fewer vortices with relatively larger longitudinal spacing means that the vortices were shed in
relatively lower frequency, which is consistent with the decreasing dominant frequencies of the
lift and drag coefficients in Figure 5-4 and Figure 5-5. Second, the vortex shedding is less uniform.
For U = 14.0m/s, the nonhomogeneous size suggests the large variation in strength, especially the
negative vortices (blue color). Additionally, the varying longitudinal spacing suggests that not only
a fundamental frequency but also some sub-harmonic components are present, which is also visible
from the PSD of drag coefficients in Figure 5-13 and Figure 5-15. Third, there is no continuous
vortex street in the downstream within the computational domain. Generally, the vortex shedding
pattern is more similar to that in the cases-of EC only and θ = 20°~25°.
(4) θ = 55°~60°. The vortices in the wake become more regular again from various aspects,
such as vortex size, shape and longitudinal spacing. In addition, the vortex shedding frequency
increases slightly in comparison with the case for θ = 50°, since 7 vortices are recognized for both
U = 12.0 m/s and 14.0 m/s, which is one more than for the case of θ = 50°. However, similar to
the case of θ = 50°, there is no continuous vortex street too.
(5) θ = 65°~85°. The vortices in the wake change more significantly due to the upper rivulet
within this range. Generally, the instantaneous voracity contours show that the vortices shed
periodically. However, large variations in quantity, size, shape and longitudinal spacing are present
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distinctively, especially in the cases of θ = 65° and 70° with U =12.0 m/s, and θ = 65° and 85°with
U =14.0 m/s. The nonhomogeneous size indicates that the vortices were generated with fluctuating
strength. The nonhomogeneous longitudinal vortex spacing suggests that the vortices shed not
only in a dominant period, but also with some sub-periods, which was also shown in the frequency
analyses in Figure 5-13 and Figure 5-15. In addition, the merging between large co-rotating
vortices, which has not been observed before, occurred when they travelled far away from the EC
in the cases θ = 65°~70° with U = 12.0m/s, and θ = 65° with U = 14.0m/s. The overall vortex
pattern also moves downwards a lot. In spite of the irregular vortex pattern, it is worth noting that
some regular vortex shedding is also clearly observed, such as at θ = 75° and 85° with U = 12.0
m/s, and at θ = 70° and 75°with U = 14.0 m/s. The homogeneous vortices in such cases indicate
that the stable vortex shedding were generated periodically after the airflow past the EC. This
could explain why more distinct dominant frequency was obtained in the frequency analyses of
the time-varying drag coefficients, especially in the case of θ = 75° with U = 12.0 m/s and 14.0
m/s. Most importantly, the fewer vortices in the downstream show apparently that the vortices
shed in lower frequency for the upper rivulet in this region compared with all the others.
(6) θ = 90°~95°. The vortex pattern in the wake become more homogeneous once again, not
only in vortex size but also in shape and longitudinal spacing when the rivulet comes to this region.
Larger number of vortices suggests that the vortex shedding frequency increases clearly in
comparison with the cases of θ = 65°~85°, but is very similar to the cases of θ = 20°~25°.
(7) θ = 100°~110°. The vortex pattern becomes even more homogeneous and the vortex
shedding frequency keeps increasing and finally comes close to those in the cases of θ = 30°~45°.
Additionally, it is clear that the alternating vortex pattern becomes a continuous vortex street at
the downstream again.
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In summary, the Von-Kármán vortex shedding phenomenon was extensively observed in the
present study. The downstream varying vortex pattern demonstrates that the airflow can be
significantly affected by the presence and location of the upper rivulet, not only in strength but
also in period, which is highly consistent with the variations of the corresponding time-varying
force coefficients in both magnitude and frequency. Furthermore, it is worth noting that the vortex
shedding with relatively higher strength and lower fundamental frequency is captured clearly when
the upper rivulet is located at some critical locations like θ = 50° and 60°~85°. Therefore, similar
to the conclusions drawn by Zuo et al.(2008&2010) based on field obseravations, RWIV of stay
cables may be expained as a type of vortex-induced virbation (VIV) with low frequency, which is
different from the classical VIV. Such non-classical VIV are mainly due to either the spatial
orientation of stay cables, the presence of upper rivulet at some critical locations or their combined
effect, which have been exhibited by the CFD simulations of the EC without and with rivulet,
respectively.
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Table 5.3: Quantity of positive vortices in the cases selected representatively

No rivulet
θ = 20°
θ = 25°
θ = 30°
θ = 35°
θ = 40°
θ = 45°
θ = 50°
θ = 55°
θ = 60°
θ = 65°
θ = 70°
θ = 75°
θ = 80°
θ = 85°
θ = 90°
θ = 95°
θ = 100°
θ = 105°
θ = 110°

EC(U = 12.0m/s)
7
7
7
8
8
8
8
6
7
7
6
6
6
6
6
7
7
7
7
8

EC(U = 14.0m/s)
6
6
6
8
8
8
8
6
7
6
6
6
6
6
6
7
7
7
7
8
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CC(U = 14.0m/s)
14
14
14
14
14
14
14
14
14
10
8
8
11
>12
10
10
10
11
12
12

θ = 20° (t* = 277.25)

No rivulet (t* = 307.88)

θ = 25° (t* = 226.13)

θ = 30° (t* = 228.38)

θ = 35° (t* = 228.00)

θ = 40° (t* = 225.75)

θ = 45° (t* = 115.50)

θ = 50° (t* = 318.75)

θ = 55° (t* = 227.25)

θ = 60° (t* = 207.75)

θ = 65° (t* = 309.75)

θ = 70° (t* = 272.63)

θ = 75° (t* = 429.00)

θ = 80° (t* = 398.25)
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θ = 85° (t* = 318.00)

θ = 90° (t* = 231.38)

θ = 95° (t* = 324.38)

θ = 100° (t* = 231.00)

θ = 105° (t* = 228.00)

θ = 110° (t* = 228.75)

Figure 5-23: Instantaneous vorticity contours for airflow past the 2D elliptical cylinder (U
= 12.0 m/s)
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θ = 20° (t* = 247.75)

No rivulet (t* = 427.88)

θ = 25° (t* = 164.50)

θ = 30° (t* = 183.75)

θ = 35° (t* = 172.38)

θ = 40° (t* = 177.19)

θ = 45° (t* = 185.50)

θ = 50° (t* = 323.75)

θ = 55° (t* = 264.25)

θ = 60° (t* = 313.69)

θ = 65° (t* = 371.00)

θ = 70° (t* = 165.38)

θ = 75° (t* = 357.00)

θ = 80° (t* = 264.25)
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θ = 85° (t* = 326.81)

θ = 90° (t* = 176.75)

θ = 95° (t* = 315.00)

θ = 100° (t* = 178.50)

θ = 105° (t* = 178.50)

θ = 110° (t* = 171.50)

Figure 5-24: Instantaneous vorticity contours for airflow past the 2D elliptical cylinder (U
= 14.0 m/s)
5.4 Summary
In this Chapter, the 2D elliptical cylinder (EC) models with an artificial fixed rivulet introduced
in Chapter 4 have been simulated for varying rivulet locations θ in the range of 20°~110° with a
constant step of Δθ = 5°, under various wind speeds in the range of U = 6.0~18.0m/s with a
constant step of ΔU = 2.0m/s. The cases on the 2D EC model without rivulet have already been
simulated in Chapter 4. Therefore, there are 20 cases for each wind speed, and in total 140 cases
have been simulated for the 2D EC. All the results of the 2D EC without and with the upper rivulet,
including the aerodynamic force coefficients, Strouhal number and the vortical structures of
airflow after passing through the cylinder have been presented and analyzed thoroughly. The
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effects of the upper rivulet and its location on the cable model as well as the airflow around it have
been examined.
For all the cases, the steady-state time histories show that the aerodynamic force coefficients
(i.e., CL, CD& CM) vary periodically. It is highly noticeable that the periodically varying
aerodynamic force coefficients, especially the drag coefficient CD, have been affected due to the
rivulet, not only in amplitude but also in frequency, and such effects are significantly related to the
location of upper rivulet. In order to better examine the influence of upper rivulet and its location,
the aerodynamic force coefficients CL and CD have been thoroughly analyzed in both in time
domain and frequency domain.
(1) Mean Aerodynamic Force Coefficients
Overall, the mean (i.e., time-averaged) aerodynamic force coefficients (i.e., CL, CD& CM) vary
slightly under the wind speed within the investigated range of U = 6.0~18.0m/s. For each kind of
aerodynamic force coefficients (i.e., CL/CD/CM) with the rivulet location θ, the variation patterns
under various wind speeds are highly similar. Additionally, the differences due to the wind speed
are limited. They are consistent with the experiment results reported by Xu et al. (2006).
However, all the three kinds of aerodynamic force coefficients are highly sensitive to the
rivulet location θ and exhibit similar behavior in three distinctive regions: Region 1 (20°≤ θ <
55°~60°), Region 2 (55°~60°≤ θ ≤ 90°~95°) and Region 3 (90°~95°< θ ≤ 110°). More specifically,
the mean CL, CD and CM change slightly or moderately for the upper rivulet within Regions 1 & 3,
but significantly in the Region 2, i.e., they undergo a steep decrease or increase when the upper
rivulet moves to Region 2 from Region 1 or 3. In general, such variation patterns also agree well
with the experimental results presented by Xu et al. (2006), except for some minor differences on
the region limits.
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(2) Root-Mean-Square (RMS) Aerodynamic Force Coefficients
Similar to the mean aerodynamic force coefficients, the RMS of aerodynamic force
coefficients change slightly under the various wind speeds investigated. They are also are highly
sensitive to the rivulet location, exhibiting distinctively in the three regions mentioned above.
(3) Frequencies of Aerodynamic Force Coefficients
Nearly all the time histories of the lift coefficient CL for simulated cases (i.e., with/without the
upper rivulet) exhibit clearly a single dominant frequency. This dominant frequency, denoted as
fL, increases with the increasing wind speed. The influence of the upper rivulet on fL intensifies
gradually with the increasing airflow speed: (i) very slight impact for the lower wind speed U =
6.0~8.0m/s; (ii) moderate impact for U =10.0~14.0m/s and (iii) significant impact for U =
16.0~18.0m/s. Such impacts are more noticeable with lower dominant frequencies. Large
fluctuations and sharp peaks were observed when the rivulet falls in Region 2 (55°~60°≤ θ ≤
90°~95°). Overall, such impacts seem irregular and highly related to the rivulet position θ.
However, for all the cases with the rivulet, a lower dominant frequency fL, which is less than that
for the corresponding case without rivulet (i.e., fL0) is observed frequently when the rivulet located
within the Region 2 (i.e., 60°~ 65°< θ < 90°).
In comparison with CL, more severe influence of the upper rivulet on the drag coefficients CD
has been observed extensively and remarkably in frequency domain. Analysis results show that:
(i) in addition to the dominant frequency, more harmonic frequency components are identified
with relatively high contributions, which are similar to the 2D EC without the rivulet; (ii) more
dramatic fluctuations of the dominant frequency fD versus the rivulet location θ are present; (iii)
some extremely low frequency components (e.g., around 1/2, even 1/3 order of the corresponding
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fL) are identified extensively under all wind speeds, except U = 6.0 m/s and for the rivulet located
in a certain “critical” zone (within Region 2, i.e., 50° ≤ θ ≤ 85°); (iv) such low frequency
components play an important role with high peak amplitudes in the PSD plots, in comparison
with the corresponding dominant frequencies. In some cases, they may even prevail all other
frequency components and act as the dominant frequency.
(4) Strouhal Number St2b
Based on the time-varying lift and drag force coefficients, the Strouhal number St2b of 2D EC
for all wind speeds and rivulet locations have been presented. For the 2DEC in present simulation,
the eccentricity e is 0.866 and the attack angle α is 55°. In general, St2b falls well within the range
of 0.086 (e = 0.92)~0.132 (e = 0.80) reported by Modi et al (1991), in spite of the upper rivulet
attached. However, some abrupt drop-rebound behavior have also been observed extensively for
the wind speeds in the range of 8.0 m/s ≤ U ≤ 16.0 m/s. Specifically, St2b drops significantly from
0.10~0.11 to an extremely lower level around 0.040~0.053 at some critical rivulet locations θcl and
then rebounds steeply to the nearby position before dropping. Such remarkable behavior of St2b
captured by the present CFD simulations is highly consistent with the experimental results reported
by Ekmekci and Rockwell (2010), which are based a circular cylinder with a circular surface
disturbance attached on. Apparently, the upper rivulet changes the vortex shedding as well as the
fluctuating aerodynamic forces acting on the cylinder in frequency significantly, when it located
at such critical locations.
(5) Downstream Structure
The Von-Kármán vortex shedding phenomenon has been extensively observed in the wake of
the 2D EC with and without rivulet. The instantaneous vorticity contours of the cases with the
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wind speeds of U =12.0 m/s and 14.0m/s are selected and presented. The results illustrate clearly
that the vortex pattern has been significantly affected by the upper rivulet as well as its location,
not only in strength, but also in period, which is related to the dramatic change identified in the
corresponding time-varying aerodynamic force coefficients in both magnitude and frequency.
Moreover, it is worth noting that the vortex shedding with relatively higher strength and lower
fundamental frequency has been captured clearly when the upper rivulet is located at some critical
locations like θ = 50° and 60°~85°.
In summary, the results from the present CFD simulations reveals that the presence of upper
rivulet as well as its location can significantly affect the aerodynamic forces acting on the cable
model, especially when it is located at some critical locations. Moreover, extremely low frequency
observed in the time history of the drag force coefficients may account for the RWIV of stay cables.
Similar to the conclusions drawn by Zuo et al.(2008 and 2010), the associated vortex patterns
captured by the CFD simulations demonstrate that RWIV of stay cables may be expained as a type
of vortex-induced virbation (VIV) with low frequency, which is different from the classical VIV,
and such non-classical VIV are mainly either due to the spatial orientation of stay cables, the upper
rivulet at some critical locations or their combined effect.
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Comparison of Two Modeling Approaches

In addition to the two-dimensional (2D) cable model based on the new modelling approach in
this dissertation, the models based on the classical approach adopted by many other researchers
have also been created in Chapter 4. This approach is based on modeling the cable as a 2D circular
cylinder with (CC) with the upper rivulet, which has been simulated only under an airflow speed
of U =14.0 m/s. Results for this case and its comparison with 2D elliptical cylinder (EC) with the
upper rivulet have been presented in this chapter.
In addition to the two-dimensional(2D) cable model based on the new modelling approach
proposed in this dissertation, the counterpart model based on the classical approach adopted by
many other researchers have also been created in Chapter 4. Herein, the 2D circular cylinder (CC)
with the upper rivulet has been simulated but only under an air flow speed U =14.0 m/s, and the
associated results will be introduced in the following. More importantly, a detailed comparison
between the results based on these two modelling approaches will be presented too.
6.1 Results Based on 2D Circular Cylinder (CC) with the Upper Rivulet
6.1.1 Time-varying Aerodynamic Coefficients
The time histories of the aerodynamic force coefficients (i.e., CL &CD) from the unsteady CFD
simulations for this case are presented in the Appendix A (Figure A.24 & Figure A.25), where
only the steady-state parts of the time histories are shown. No time history of the pitching moment
coefficient CM is presented, since its amplitude is so small that its role can be neglected during the
vibration of stayed cables.
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In order to review the influence of the upper rivulet, the results for the CC without the rivulet
(i.e., CC results presented in Chapter 4) are included too for comparison. Apparently, periodically
varying aerodynamic force coefficients are affected significantly due to the presence of rivulet,
not only in average and peak amplitude, but also in frequency, and such effects are highly related
to the upper rivulet location, similar to the cases for EC with the rivulet presented in Chapter 6.
6.1.2 Mean and RMS of Aerodynamic Force Coefficients
6.1.2.1 Lift Coefficient
The mean (i.e., time-averaged) and RMS of lift coefficients CL for the 2D CC with the varying
rivulet locations are shown in Figure 6-1. This figure also shows corresponding results for the
case of CC without rivulet.
The mean CL from the CC only is -0.0062 (denoted by CL0), which is very close to the
theoretical zero value due to the symmetry. However, the mean CL for the 2D CC with rivulet
changes significantly with the varying rivulet location θ. For θ = 20°~40°, the mean CL increases
slowly from 0.0536 to 0.0714 with an increase in θ, and it is only slightly above CL0 = -0.0062.
The uptrend continues until it reaches the maximum value of 0.1647 at θ = 50°. Then, a steep
downtrend follows. The mean CL declines quickly, especially for θ = 55°~70° and reaches the
minimum value of -0.5459 at θ = 70°. After that, it rebounds with an increase in θ and finally
increases to -0.0485 for θ = 110°. Thus, the influence of the rivulet is minor for θ = 20°~40° and
can be neglected. For θ = 40°~55°, the influence strengthens slowly but is still at a moderate level.
However, an intense influence from the rivulet is clearly detected when the rivulet is located in the
range of θ = 55°~110°.
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(a) Mean of CL

(b) RMS of CL

Figure 6-1: Variation of the lift coefficient of the 2D circular cylinder versus the
location of the upper rivulet (U = 14.0 m/s)
The root-mean-square (RMS) value of the time-varying lift coefficients CL_rms versus the
varying rivulet location θ is also presented in Figure 6-1. Figure A.24 shows that the time-varying
CL swings periodically between positive and negative values with large amplitudes. Hence, the
corresponding CL_rms is much larger in magnitude than that of the mean CL. Hence, the rivulet
effect on the lift coefficient CL can be observed more easily. As shown in Figure 6-1, the CL_rms
stays steadily in the range of 0.58~0.59 for θ = 20°~40°, only slightly above the CL_rms =0.54 for
the CC only case (denoted by CL0_rms). Then, it increases rapidly up to 0.75 for θ = 45°, but soon
182

drops to 0.66 for θ = 50°. A steep jump is followed from θ = 55° until the CL_rm reaches the
maximum of 1.37 at θ = 75°, which is 2.08 times of CL0_rms. Subsequently, the CL_rm decreases
steadily with an increase in θ and finally drops to 0.86 for θ = 110°, which is still 30.3% higher
than CL0_rms. Hence, a large effect on the lift coefficient CL due to the rivulet in the range of θ =
60°~110° is confirmed.
6.1.2.2 Drag Coefficient
The mean (i.e., time-averaged) and RMS of drag coefficients CD for the CC with the varying
rivulet location are shown in corresponding results for the case of CC without the rivulet.
The mean CD from the CC only is 0.81 (denoted by CD0). Due to the rivulet, the mean CD for
the CC with rivulet changes significantly with the varying rivulet location θ. Similar to the mean
CL, only minor influence can be observed for θ = 20°~40°, considering that the mean CD stays
steadily within the range of 0.88~0.90, which is slightly above CD0 = 0.81. Subsequently, the mean
CD starts to increase beyond θ = 40° and fluctuates slightly between 0.98 and 1.01 for θ in the
range of 45°~55°. The influence of the rivulet becomes strong in this range, is still at a moderate
level. After that, the mean CD increases rapidly with an increase in the rivulet location θ and
reaches its maximum value of 1.72 at θ = 80°, which is 2.12 times of CD0. Then, a downtrend
follows as the mean CD decreases steadily and finally goes down to 1.26 at θ = 110°, which is 1.56
times of CD0. Hence, there is a strong effect on the mean CD from the rivulet for rivulet location in
the range of θ = 55°~110°.
The RMS value of the time-varying drag coefficients CD_rms versus the varying location of the
rivulet, θ, is also presented in Figure 6-2: . Figure A.25 indicates that the periodically time-varying
CD is always positive, thus the CD_rms is close to the mean CD in magnitude. Similar conclusion
about the rivulet effect can also be drawn from the variation of CD_rms versus θ. As shown in Figure
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6-2: , the CD_rms stays steadily at 0.89 for θ = 20°~40°, only 9.9% larger than CD_rms = 0.81 for the
CC only (denoted by CD0_rms). For θ in the range of 45°~55°, it fluctuates within the range of
0.90~1.00. Then it increases dramatically with increasing θ until it attains the maximum of 1.73 at
θ = 80°, which is 2.14 time of CD0_rms. Subsequently, the steep uptrend turns into a downtrend. The
CD_rms decreases steadily and finally attains 1.28 at θ = 110°, which is still 58% larger than CD0_rms.
Thus, the drag coefficient CD is strongly affected when the rivulet is located in the range of θ =
60°~110°.

(a) Mean of CD

(b) RMS of CD

Figure 6-2: Variation of the drag coefficients of the circular cylinder versus the location
of the upper rivulet (U = 14.0 m/s)
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6.1.3 Frequencies of Aerodynamic Coefficients
As shown in Figure A.24 and Figure A.25, the time-varying lift and drag coefficients (CL &
CD) vary periodically and the related dominant frequencies change with the varying rivulet location
θ, especially for the time-varying drag coefficients CD with the rivulet at θ ≥ 60°. Thus, all the
related time histories will be reviewed in frequency domain via PSD analyses for the sake of better
understanding the role played by rivulet.
6.1.3.1 Lift and Drag Coefficients
Figure A.24 indicates that nearly all the time-varying lift coefficient CL based on various θ are
mainly dominated by single frequency, except for θ = 60° and 80°, and the related frequency
components, including the dominant frequency for the CC without rivulet ( fL0 = 21.96Hz) are
plotted in Figure 6-3. . For θ = 20°~55°, the dominant frequency fL stays steadily within a narrow
range of 21.26~21.53Hz, which is slightly below fL0 = 21.96Hz. Thus, similar to the conclusion
drawn from the time-averaged CL, the rivulet effect on the lift coefficient CL is minor for 20°≤θ≤
55°. Subsequently, the fL declines gradually with the increasing θ and attains its minimum of
15.46Hz at θ = 75°. It then climbs up and finally goes up to 21.24Hz at θ = 110°, i.e., back to the
level before the decline. Hence, the lift coefficient CL is significantly affected in frequency domain
by the rivulet for 60°≤ θ ≤ 110°.
Similar to the 2D EC with rivulet, the PSD analyses reveal that some low frequency
components with relative high peaks may also be present in this case. For example, as shown in
Figure 6-5, a lower frequency fL2 = 9.99Hz for θ = 60° is identified with a moderate peak amplitude
ratio of PR2 = 0.387. Figure 6-6 shows the time-varying lift coefficient CL for θ = 80°. The PSD
analysis indicates that another frequency component fL2 = 18.54Hz, which is very close to the
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dominant frequency fL1 = 18.02Hz, is also present with a moderate peak amplitude ratio of PR2 =
0.328.

(a) Frequency components of CL

(b) Frequency components of CD

Figure 6-3: Frequency Components of aerodynamics force coefficients of the 2D circular
cylinder versus the location of the upper rivulet (U = 14.0 m/s)
In comparison with the lift coefficient CL, more frequency components are detected in the drag
coefficient CD. As shown in Figure 6-3, the time-varying CD for the CC with rivulet are
characterized mainly by the 1st to 2nd harmonics for 20°≤ θ ≤ 60° and 100°≤ θ ≤ 100°. Multiple
harmonics, including higher-order harmonics, are present when the rivulet stays at other locations:
3 harmonics (1st, 3rd &7th) at θ = 65°, 3 harmonics (2nd, 5th & 6th) at θ = 70°, 3 harmonics (1st to 3rd)
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at θ = 75°, 4 harmonics (1st to 4th) at θ = 85°&95° and 5 harmonics (1st to 5th &6th) at θ = 90°. In
addition, it is noticeable that severe influence on the dominant frequency fD_1 for the CC with
rivulet due to the rivulet is observed. For 20°≤ θ ≤ 55°, the fD_1 stays steadily in the vicinity of
42.50~43.10Hz, which is only slightly less than the dominant frequency for the CC without rivulet
fD_0 = 43.96 Hz. Thus, in this range, the drag coefficient CD is only slightly affected in frequency
domain by the rivulet. However, the fD_1 drops abruptly after θ = 55° and goes down to 9.99Hz at
θ = 60°, which is only 22.5% of fD_0. It then climbs gradually with the increasing θ and attains
21.24Hz at θ = 110°. Apparently, the drag coefficient CD is significantly affected in frequency
domain by the rivulet for 60°≤ θ ≤ 110°. In addition, the dominant frequency fD_1 is twice of the
corresponding dominant frequency fL_1 for 20°≤ θ ≤ 60°, while the fD_1 turns to be equal to the fL_1
for 60° < θ ≤ 110° because of the severe influence from the rivulet. A distinctive characteristic is
revealed by the PSD analysis: Figure 6-5 illustrates that low fundamental frequency components
are identified too for the rivulet at some locations other than θ =60°, such as 5.56Hz at θ = 65°,
9.49Hz at θ =85°, 9.16Hz at θ =90° and 9.40Hz at θ =95°. For a better review, related time histories
of CD are shown in Figure 6-4. Unlike θ =60°, in which such low fundamental frequency acts as
the dominant frequency, they are detectable but only play a minor role at θ = 65° with a peak
amplitude ratio of PR2 = 0.130 and at θ = 85° with PR4 = 0.200, and a moderate role at θ = 90°
with PR3 = 0.363 and at θ = 95° with PR3 = 0.330. Additionally, like in the lift coefficient CL at θ
= 80°, a frequency fD_2 = 18.54Hz, which is very close to the dominant frequency fD_1 = 18.02Hz,
is also identified with a peak amplitude ratio of PR2 = 0.497, as shown in Figure 6-6.
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(a) θ = 60°

(b) θ = 60°

(c) θ = 65°

(d) θ = 85°

(e) θ = 90°

(f) θ = 95°

Figure 6-4: Selected time histories of the lift and drag coefficients for the 2D circular
cylinder with the rivulet (U = 14.0 m/s).
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(a) θ = 60°

(d) θ = 85°

(b) θ = 60°

(c) θ = 65°

(e) θ = 90°

(f) θ = 95°

Figure 6-5: PSD of the selected time histories of the aerodynamic fore coefficients (U =
14.0m/s)
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(a) Time histories of CL&CD
fL_1 & fL_2

fL_1

fD_1 & fD_2

fD_1

fD_2
fL_2

(b-1)
PSD of CL

(b-2)
Close-up view at fL_1 &fL_2

(c-1)
PSD of CD

(c-2)
Close-up view at fD_1 & fD_2

Figure 6-6: PSD of the drag coefficients for the circular cylinder with the rivulet at θ = 80°
(U = 14.0 m/s).

190

6.1.3.2 Strouhal Number St

Figure 6-7: Variation of the Strouhal number St versus the rivulet location for the 2D
circular cylinder with rivulet (U = 14.0m/s).
The periodic time-varying lift and drag force coefficients (i.e., CL&CD) in the appendix indicate
that the steady and periodic vortex shedding in the wake of the 2D CC with rivulet was achieved
well. Therefore, the Strouhal number St was calculated based on it. The variation of St versus the
rivulet location θ has been plotted in Figure 6-7. The Strouhal number St for the CC only (denoted
by St0) has also been included for comparison. Overall, the variation of St versus θ is similar to
the variation of fL versus θ discussed above. For 20°≤ θ ≤ 55°, due to the minor effect from the
rivulet, the Strouhal number St is slightly less than the St0 = 0.251 and is fluctuating within a
narrow range of 0.243~0.246. Then, it drops significantly and goes down to its minimum of 0.114
at θ = 60°, which corresponds the aforementioned low dominant frequency identified in the PSD
analysis. Subsequently, it jumps quickly up to 0.193 at θ = 65°, but it soon declines again till
reaching 0.178 at θ = 75°. After it, it climbs up again. In spite of a slight drop at θ = 90°, the
uptrend is roughly kept all the way until attaining 0.243 at θ = 110°, i.e., back to the level before
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the steep drop. Hence, the severe influence due to the rivulet in the range of 60°≤ θ ≤ 110° is
confirmed through Strouhal number.
Overall, the behavior of the Strouhal number St versus the varying rivulet location θ obtained
from the current CFD simulations is consistent with the results presented by Ekmekci and
Rockwell (2010), as shown in
Figure 5-22, especially the abrupt drop of St at θ = 60° and the subsequent recovering behavior.
Although there are still some differences, such as the Strouhal numbers (SK1 ~ SK3& SL) and the
critical location θc1 for the surficial disturbance on the CC, which are listed in Table 6.1. These
differences are explainable. First, the Reynold number Re in the current simulations is 15.33 times
of that in the experiment conducted by Ekmekci et al. (2010). Second, the characteristic length
ratio between the surficial disturbance and the 2D CC (i.e., d/D) in the current simulations is 8.15
times of that in the experiment, which may account for a larger critical angular location for the
surficial disturbance. Third, the constant step for the rivulet position Δθ = 5° adopted in the current
CFD simulation may be a little larger for detecting the critical position and such difference could
be reduced with a smaller step Δθ.
Table 6.1: Abrupt drop of Strouhal numbers captured by current CFD simulations versus
by the experiment
Re
Ekmekci et al. (2010)
Current CFD simulation

1.0×104
1.533×10

5

d/D

SK1

SK2

SK3

SL

θc1

0.0046

0.16 ~0.18

0.20~0.22

0.20~0.22

0.01~0.05

55°

0.0375

0.177~0.217

0.215~0.243

0.243~0.246

0.114

60°

6.1.4 Downstream Structure
Similar to the cases for the 2D EC with the rivulet, the Von Kármán vortex shedding has been
extensively observed in the cases for the 2D CC with the rivulet also. It has also been recognized
that the vortex pattern in the downstream varies significantly along with the varying rivulet
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location θ. To further examine the role of the upper rivulet, the instantaneous vorticity contours
for the airflow past the 2D CC with and without the upper rivulet for U = 14.0m/s are presented in
Figure 6-8. All the instantaneous vorticity contours were generated with the non-dimensional
simulation time t* >100, i.e., the vortex patterns at the downstream were fully developed.
It is clearly shown in Figure 6-8 that the vortices in the wake could vary significantly with the
varying θ in intensity, shape, size and spacing. Additionally, the vortices could interact with each
other as they move downstream. In spite of the large variance, similar or visually identical vortex
shedding patterns can also be observed. In the following, the vortices in the wake of the CC are
discussed in details with respect to the varying rivulet location θ.
(1) θ = 20°~55°. Generally, the vortex shedding pattern are nearly identical for all the cases
when the upper rivulet is located in this range. Because of the geometrical symmetry for the CC
in the case of CC without rivulet, the vortices were generated alternatively in opposite directions
with almost constant intensity and the vortex street aligned horizontally with the incoming airflow.
Although the CC with the upper rivulet is not symmetrical, Figure 6-8 shows clearly that the vortex
shedding patterns behind the CC are nearly identical to the of case- CC without rivulet, in various
aspects, such as vortex quantity, vortex shape, as well as the longitudinal and lateral spacing. In
addition, the vortex streets are still along horizontally with respect to the incoming flow.
Apparently, the size of the upper rivulet is so small that the imbalance of the vortices caused by
such geometrical asymmetry is ignorable. Hence, the role of the rivulet within this range can be
neglected, and it is highly consistent with the variation of the time-varying force coefficients in
the Appendix (Figure A.24 and Figure A.25), as well as the conclusion drawn by the frequency
analysis (Figure 6-3).
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(2) θ = 60°~70°. Although the vortices were generated alternatively in the opposite directions,
the vortices vary significantly with the varying θ in various aspects, such as size, shape and
longitudinal spacing. For instance, the vortices, especially the positive ones (in red color), were
generated with much stronger intensity, larger size and larger longitudinal spacing in contrast to
the CC with θ = 20°~55° and the EC only. They are consistent with the violently increasing
magnitude as well as the extremely lower frequency components in the time-varying force
coefficients. Such variations are shown more clearly in the case of θ = 60° with relatively more
stable and homogeneous vortices. Because of such large variations, the vortex street becomes more
irregular. Meanwhile, it expands transversely as the vortices travel downstream, i.e., the negative
vortices (in blue color) move upward and the positive vortices (in red color) move downward.
Moreover, merging behavior between the co-rotating vortices can be observed clearly when they
travel far away from the CC in the cases of θ = 65°~70°. Therefore, new vortices with much larger
size were generated in the downstream, especially the positive vortices (in red color). In addition,
large difference in size between the positive and negative vortices in the initial part of wake (i.e.,
before the emerging) is consistent with the larger RMS of the time-varying force coefficients,
especially the drag coefficient. Overall, the airflow is significantly affected by the rivulet within
in this range after passing the CC, and such effect is most stable when it located at θ = 60°.
(3) θ = 75°~80°. The vortices in the wake become regular again with smaller size, homogenous
shape and regular small longitudinal spacing. Apparently, the vortex shedding frequency increases
heavily in comparison with the case of θ = 60°~ 70°, considering that more vortices are recognized.
However, it is still lower than that in the cases-CC only and CC with θ = 20°~55°. It is also
recognized that the longitudinal spacing between the co-rotating vortices decrease slightly from θ
= 75° to θ = 80°, which is in line with the increasing dominant frequency of the time-varying force
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coefficients. In addition, it is apparent that the alternating vortex pattern turns out to be continuous
vortex street in the downstream, and the vortex street moves slightly upward due to the asymmetry
caused by the rivulet.
(4) θ = 85°~95°. The vortices become relatively irregular again in the aspects of size, shape,
spacing and etc. The vortices were still generated alternatively in positive (counter-clockwise, in
red color) and negative (clockwise, in blue color) directions after separating from the surface of
the CC. However, it is clearly shown that the merging behavior occurred between two co-rotating
vortices (positive and negative) as they travel downstream, and then the vortices with larger size
and larger longitudinal spacing were generated. In addition, because of the asymmetrical effect of
the CC with the rivulet, it is clearly observed that the positive and negative vortices in each vortex
pair after separating from the CC were generated with large difference in size and shape, which is
consistent with the large variation in magnitude in the time-varying force coefficients, especially
in the drag coefficients. Overall, the influence of the upper rivulet within this range is strong and
apparent. As a result, the vortices vary a lot at the downstream, and the vortex shedding pattern is
complicate but generally still in the alternative mode.
(5) θ = 100°~110°. Generally, the vortex shedding pattern is as similar as in the cases of θ =
85°~95°. However, there are still some minor differences. For instance, the vortices become
smaller in size, and more vortices are generated in the wake with slightly smaller spacing. Also,
the vortices become more homogenous, especially for θ = 105°~115°. In addition, the alternating
vortex shedding pattern turns out be continuous street in the downstream, similar to the cases with
θ = 75°~80°. Apparently, the influence of the upper rivulet is decreasing with the increasing θ. As
a result, the vortex shedding frequency increases, but the strength of vortices decreases, which is
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also consistent with the variation of the time-varying force coefficients. However, the influence is
still notable in comparison with the cases-CC only and CC with θ = 20°~55°.
In summary, the Von-Kármán vortex shedding has been extensively observed in the case-CC
with rivulet also. The varying vortex pattern in the downstream suggests that the airflow past the
CC can be significantly affected by the upper rivulet, especially when it is located within the range
of θ = 60°~95°. In addition, it is worthwhile to note that the vortex shedding occurs with relatively
higher strength and extremely lower frequency for the upper rivulet located at some critical
positions.
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No rivulet (t* = 179.90)

θ = 20° (t* = 185.50)

θ = 25° (t* = 173.25)

θ = 30° (t* = 176.75)

θ = 35° (t* = 185.50)

θ = 40° (t* = 176.75)

θ = 45° (t* = 183.75)

θ = 50° (t* = 182.00)

θ = 55° (t* = 171.50)

θ = 60° (t* = 180.25)

θ = 65° (t* = 351.75)

θ = 70° (t* = 362.25)

θ = 75° (t* = 171.50)

θ = 80° (t* = 1489.25)

θ = 85° (t* = 171.50)

θ = 90° (t* = 204.75)
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θ = 95° (t* = 351.75)

θ = 100° (t* = 353.50)

θ = 105° (t* = 359.28)

θ = 110° (t* = 196.00)

Figure 6-8: Instantaneous vorticity contours for airflow past the 2D circular cylinder (U =
14.0 m/s)
6.2 Comparisons between EC with Rivulet and CC with Rivulet
To evaluate these two modeling approaches, results of both the 2D EC with rivulet and the 2D
CC with rivulet are compared and discussed in the following sections.
6.2.1 Transformation of Aerodynamic Force Coefficients
Prior to making a comparison between the results based on the EC and CC respectively, it is
necessary to conduct certain transformations, since they were generated in the different coordinate
systems (as shown in Figure 4-1, Figure 4-2 and Figure 4-3). Therefore, the results under each
coordinate will be transferred into the experimental coordinate system adopted by Xu et al. (2006)
for the wind tunnel testing. The associated transformations are introduced in Appendix B in detail.
The pre- and post-transfer results based on the 2D CC and EC are shown in Figure 6-9 and Figure
6-10, respectively. It is worth noting that, for the 2D CC simulated, the incoming airflow speed is
14.0m/s (i.e., Urel = 14.0m/s in the experimental coordinate system). Correspondingly, the
incoming

airflow

speed

in

the

experimental

coordinate

system

is

𝑈=

𝑈𝑟𝑒𝑙 ⁄√𝑐𝑜𝑠 𝛽 2 + 𝑠𝑖𝑛 𝛽 2 𝑠𝑖𝑛 𝛼 2 = 16.13𝑚/𝑠. Therefore, the simulation results based on the 2D
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EC for both U = 14.0 m/s and 16.0 m/s are included in Figure 6-10. The attack angle is ψ = 19.30°.
Hence, the post-transfer rivulet position is θ = θ’ – 19.30°, in which θ’ is the pre-transfer rivulet
position (i.e., the rivulet position in the CFD simulations based on the 2D CC).

(a) Mean lift coefficients CL

(b) Mean Drag coefficients CD

Note: CC --- pre-transfer simulation results; TR-CC --- post-transfer simulation results.

Figure 6-9: Mean aerodynamic force coefficients of the 2D CC with rivulet: pre-and posttransfer

(a) Mean lift coefficients CL

(b) Mean Drag coefficients CD

Note: EC --- pre-transfer simulation results; TR-EC --- post-transfer simulation results.

Figure 6-10: Mean aerodynamic force coefficients of the 2D EC with rivulet: pre-and posttransfer
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(a) Pre- and Post-Transfer Mean CL & CD Based on the CC
Apparently, the post-transfer lift coefficient CL changes significantly in comparison with the
pre-transfer one. It stays highly above the pre-transfer one over the whole range of rivulet position
θ. The maximum and minimum of the post-transfer CL are 0.464 at θ = 35.7° and -0.0287 at θ =
50.7° respectively, while the maximum and minimum of the pre-transfer CL are 0.165 at θ’ = 50°
and -0.546 at θ’ = 70° respectively. In spite of such difference, the variation patterns of CL with
rivulet position (θ or θ’) stays to be highly similar. For 0.7°≤ θ ≤ 20.7°, the post-transfer CL
fluctuate slightly within a narrow range of 0.343~0.364. Then, it increases to 0.450 at θ = 25.7°
and stays steadily until reaching the maximum of 0.464 at θ = 35.7°. However, it drops steeply and
reaches the minimum -0.0287 at θ = 50.7°. Subsequently, it starts to rebound steadily with the
increasing θ and goes up to 0.371 at θ = 90.7°, in spite of the small fluctuation at θ = 60.7°.
The post-transfer drag coefficient CD changes slightly in comparison with the pre-transfer one,
in spite of the horizontal shift of the rivulet position by the attack angle ψ. The maximum and
minimum of the post-transfer CD are 1.746 at θ = 60.7° and 0.884 at θ = 5.7°, respectively, and the
maximum and minimum of the pre-transfer CD are 1.715 at θ = 80° and 0.816 at θ = 25°,
respectively. The variation patterns of CD with rivulet position (θ or θ’) are highly consistent. For
0.7°≤ θ ≤ 20.7°, the post-transfer CD fluctuate slightly within a narrow range of 0.816~0.825. Then,
it increases up to 0.885 at θ = 25.7°, but drops to 0.830 at θ = 30.7°. Subsequently, it rises steeply
until reaching the maximum at 1.746 at θ = 60.7°. After that, it drops steadily and finally goes
down to 1.208 at θ = 90.7°.
(b) Pre- and Post-Transfer Mean CL & CD Based on the EC
The post-transfer lift coefficient CL changes significantly in compassion with the pre-transfer
one. The pre-transfer CL is negative for all θ, while the post-transfer CL is positive. For U = 14.0
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m/s, the maximum and minimum of the post-transfer CL are 0.259 at θ = 90° and 0.142 at θ = 80°
respectively, while maximum and minimum of the pre-transfer CL are -0.345 at θ = 90° and -0.877
at θ = 80°, respectively. For U = 16.0m/s, the maximum and minimum of the post-transfer CL are
0.263 at θ = 90° and 0.123 at θ = 75°, respectively, while maximum and minimum of the pretransfer CL are -0.345 at θ =90° and -1.072 at θ = 70°, respectively.
However, the variation patterns of CL versus θ stay similar. For 20°≤ θ ≤ 50°, the post-transfer
CL fluctuates slightly within a narrow range of 0.21~0.23 for both U = 14.0m/s and U = 16.0m/s.
Then, the CL goes down slightly after θ = 55°. As mentioned in Chapter 5, a special region about
the rivulet position (i.e., 55°≤ θ ≤90°, Region 2) has been exhibited apparently by the variation of
pre-transfer CL versus θ, in which CL drops significantly to its minimum with the increasing θ first
and then rebounds quickly up to the level before dropping. Although the same region has also been
observed in the post-transfer CL, the variation becomes unapparent with small fluctuations, unlike
the significant change displayed in the pre-transfer CL, i.e., it fluctuates within a narrow range of
0.14~0.26 (U = 14.0m/s)/0.12~0.26 (U = 16.0m/s). For 90°≤ θ ≤ 110°, the post-transfer CL varies
slightly around 0.26 (U = 14.0m/s)/within a narrow range of 0.23~0.26 (U = 16.0m/s).
In comparison with CL, the drag coefficient CD has been affectedly moderately due to the
transformation. The variation patterns of CD versus θ are almost same for pre- and posttransformations. For 20°≤ θ ≤ 60°, the post-transfer CD is nearly the same as the pre-transfer one
and the maximum differences are around 0.053 for U = 14.0m/s and 0.031 for U = 16.0m/s. For
60°≤ θ < 90°, the post-transfer CD is larger than the pre-transfer one for both U = 14.0m/s and U
= 16.0m/s. CD attains its maximum in this region. For U = 14.0m/s, the maximum for pre- and
post- transfer CD are 1.827 and 1.984, respectively, and both at θ = 75°. For U = 16.0m/s, they are
2.130 and 2.360 respectively, and both at θ = 70°. For 90°≤ θ ≤110°, the post-transfer CD is slight
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less than the pre-transfer one, with a maximum difference of 0.054 (U = 14.0m/s)/0.063(U =
16.0m/s) at θ = 90°.
In summary, after the coordinate transformation, the lift coefficient CL change significantly
and the drag coefficient CD changes moderately for both the CC and EC. However, the variation
patterns of CL and CD versus θ stay similar for both pre- and post- transfer results, especially for
CD versus θ.
6.2.2 Mean of Aerodynamic Force Coefficients
The post-transfer simulation results based on the EC and the experimental results for airflow
speed U = 14.0m/s and 16.0m/s are plotted in Figure 6-11, together with the post-transfer
simulation results based on the CC. Apparently, there are relatively large discrepancies in
magnitude between the simulation results based on CC/EC and those from wind tunnel tests.
However, the variation patterns of the aerodynamic force coefficients (CL&CD) versus the rivulet
position θ are quite similar for both the simulation and experimental results.
Considering the range differences of the rivulet position between these results, the rivulet
position within the range of θ = 20°~110° will be focused herein. As shown in Figure 6-11, the
behavior of nearly all aerodynamic force coefficients (CL&CD) can be roughly characterized into
three distinct parts based the rivulet position θ. Therefore, the following comparisons and
discussions will be made based the corresponding regions of rivulet position θ, which are tabulated
in Table 6.2. In general, the mean lift and drag coefficients fluctuate slightly or moderately for the
rivulet in Region 1, but undergo a significant change for the rivulet in Region 2, and vary slightly
or stay steadily again for the rivulet in Region 3.
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(a) Mean lift coefficients CL

(b) Mean Drag coefficients CD

Note: TR-CC --- post-transfer simulation results based on the 2D circular cylinder; TR-EC --- post-transfer
simulation results based on the 2D elliptical cylinder.

Figure 6-11: Mean aerodynamic force coefficients: elliptical cylinder, circular cylinder and
wind tunnel test.
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(a) Mean Lift Coefficient CL
Region 1. The mean lift coefficient CL from the experiments (WTT-14 & WTT-16) fluctuate
moderately within the range of 0.34~0.54 for U = 14.0m/s and in the range of 0.16~0.36 for U =
16.0m/s. The post-transfer CL based on the CC (TR-CC) fluctuate within the range of 0.34~0.46,
and falls between the region enclosed by the two experimental results. However, the CL based on
the EC (TR-EC-14&16) fluctuate slightly within a narrow range of 0.14~0.26 (U = 14.0
m/s)/0.12~0.26 (U = 16.0 m/s), and overall are less than the other results, except at θ = 40°~45°
where they are larger than the results of WTT-16. The upper bounds of the region for TR-EC-14
and TR-EC-16 are almost same, i.e., θ = 55°, which are very close to θ = 50° identified by the
experiments, while the upper bond for TR-CC is 35.7°.
Region 2. The mean lift coefficient CL undergoes a dramatic change and thus the regions can
be roughly decomposed into two sub-regions:
(i) Sub-region 2-1. The CL drops quickly and significantly to its minimum, exhibiting an
apparent negative slope in the sub-region. For WTT-14, the CL drops steadily from 0.501 at θ =
50° until reaching its minimum -0.132 at θ = 70°. Similarly, for WTT-16, the CL drops from 0.322
at θ = 50° until reaching its minimum -0.168 at θ = 60°. For TR-CC, the CL drops from 0.464 at θ
= 35.7° until reaching its minimum -0.0287 at θ = 50.7°. The CL of TR-EC-14 and TR-EC-16
decline too in this sub-region, but slightly. Specifically, the CL of TR-EC-14 declines steadily from
0.250 at θ = 55° until reaching its minimum 0.14 at θ = 80°, and similarly the CL of TR-EC-14
drops from 0.259 at θ = 55° until attains its minimum 0.12 at θ = 75°.
(ii) Sub-region 2-2. After reaching the minimum at the end of Sub-region 2-1, the lift
coefficient CL climbs up promptly, keeps the uptrend all the way in spite of small fluctuations, and
finally goes back to the level before dropping. For WTT-14, the CL stays in the vicinity of its
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minimum until θ = 75°, then it increases quickly and steadily until reaching 0.485 at θ = 100°.
Similarly, for WTT-16, the CL stays near its minimum until θ = 65°, subsequently it climbs up all
the way and finally attains 0.246 at θ = 95°. For TR-CC, the CL rebounds up from its minimum at
θ = 50.7° with the increasing θ and finally goes up to 0.371 θ = 90.7°, in spite of a small drop at θ
= 65.7°. For TR-EC-14, it rebounds steeply from the minimum and attains 0.256 at θ = 90°.
Similarly, for TR-EC-16, it rebounds and attains 0.263 at θ = 90°, but with a small fluctuation at
θ = 85°.
Region 3. Various variation patterns have been exhibited, but all with relatively smaller
amplitude changes. For WTT-14, although the uptrend continues, the CL increases by 15.5%, i.e.,
from 0.485 at θ = 100° to 0.560 at θ = 110°. For WTT-16, it drops to 0.189 at θ = 100° then goes
up until reaching 0.389 at θ = 110°. For TR-CC, no such region has been observed because of the
limited range of θ in the current simulations. For both TR-EC-14 and TR-EC-16, the CL fluctuate
slightly within a small range of 0.23~0.26.
(b) Mean Drag Coefficient CD
Region 1. The drag coefficient CD fluctuate within very limited ranges for all the cases. For
WTT-14 and WTT-16, the CD fluctuate slightly within a range of 0.51~0.66. For TR-CC, it varies
within a range of 0.82~0.90. For TR-EC-14 and TR-EC-16, the corresponding ranges are
1.40~1.63 and 1.38~1.54, respectively. Although the variation patterns are similar, the simulation
results based both on CC and EC are larger than the experimental results, i.e., roughly the CD of
TR-CC is around 1.3 times of the CD for WTT-14 &16, and the CD of TR-EC-14&16 are 2.3 time
of the CD for WTT-14&16. In addition, the region captured by TR-CC is nearly consistent with
those from the two experiments (i.e., WTT-14&16), which are θ = 0.7°~35.7° and 0°~35°,
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respectively). While a much wider region has been obtained from both TR-EC-14 and TR-EC-16,
in which the upper bound is θ = 55°~60°.
Region 2. Similar to the mean lift coefficient CL, the mean drag coefficient CD also experiences
a significant change for the rivulet in this region, which can be roughly decomposed into two subregions too:
(i) Sub-region 2-1. The CD rises significantly with the increasing θ and attains its maximum
at the end of the sub-region. For WTT-14, the drag coefficient CD starts to rise from 0.626 at θ =
35° and finally goes up to its maximum 1.116 at θ = 70°, increasing by 78.3%. For WTT-16, the
CD starts to climb from the similar position and reaches its maximum of 1.182 at θ = 60°, increasing
by 88.8%. For TR-CC, the CD increases from 0.830 at θ = 35.7° and attains the maximum 1.745
at θ = 60.7°, increasing by 110.2%. For TR-EC-14, it goes up from 1.453 at θ = 55° and finally
reach the maximum 1.984 at θ = 75°, increasing by 36.5%. For TR-EC-16, it climbs up from 1.496
at θ = 60° and attains the maximum 2.360 at θ = 70°, increasing by 57.8%. Overall, there are larger
discrepancies between the results from the CFD simulations and those from the experiments. The
maximum of CD for TR-EC-14 is 1.78 times of that for WTT-14, and the maximum of CD for TREC-16 is 2.00 times of that for WTT-16. For TR-CC, the maximum of CD is around 1.50 times of
that for WTT-14 &16. Moreover, the maximum occurs at θ = 75° for TR-EC-14 and at θ = 70° for
TR-EC-16, respectively. For TR-CC, it occurs at θ = 60.7°. For the experiments, they occur at θ =
70° for WTT-14 and at θ = 60° for WTT-16, respectively. Thus, there are some discrepancies
about such rivulet positions related the maximum of the CD between the CFD simulations based
on the EC and the experiments, but the CFD simulation based on the CC predicts well.
(ii) Sub-region 2-2. After reaching the maximum at the end of Sub-region 2-1, the drag
coefficient CD starts to decline, keeps the downtrend all the way in spite of small fluctuations, with
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the increasing of θ. Like the experimental results, the simulation results based on the EC finally
go down to the vicinity of the level before rising. For the results based the CC, the CD is still larger
than the value before rising and no simulation was conducted for θ > 90.7°. More specifically, the
CD for TR-EC-14&16 drop promptly from the maximum and all the way down to 1.32~1.34 at θ
= 90°, which are 7.7% and 11.8% less than the values before rising, respectively. The CD for WTT14 and WTT-16 decline to 0.69 at θ = 95°, which is around 9.5% larger than the value before rising.
The CD for the TR-CC deceases steadily and finally down to 1.28 at θ = 90.7°, which is 45.5%
larger than the value before rising.
Region 3. The downtrend in the previous region is over, and the drag coefficient CD rebounds
slightly with the increasing θ. The CD for WTT-14&16 go up to 0.75~0.76, increasing by around
10%. For the TR-EC-14&16, the CD climb up to 1.42~1.43, i.e., by 5.5% and 8.7%, receptively.
For the TR-CC, no such region has been observed because of the limited simulations.
In summary, current CFD simulations can capture the behaviors of the mean lift and drag
coefficients (CL& CD) to a certain degree. The variation patterns of the CL /CD versus the rivulet
position θ from the simulations are roughly consistent with those from the wind tunnel tests.
Particularly, many experiments demonstrate that the aerodynamic force coefficients (CL&CD)
change significantly for the rivulet at certain locations, especially the region in which the lift
coefficient CL undergoes a negative slope. Such rivulet locations (i.e., Region 2 in this research)
have also been captured through the CFD simulations, but with certain discrepancies about the
region boundaries. The simulations based on the EC and CC perform differently: the former is
better in predicting the Region 2 of CL while the latter is much better in predicting the Region 2 of
CD. However, there are large discrepancies in magnitude between the simulation results and the
experimental results. Overall, the simulations based on the CC perform better in predicting the CL
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than the simulation based on the EC to some extent, while in predicting the CD, neither of them
perform well. Such discrepancies may be attributed to the three-dimensional spatial effects
between the cable model and the incoming wind, like the axial flow, which are not included in the
two-dimensional CFD simulations.
Table 6.2: Regions of rivulet location for distinct characteristics of the mean aerodynamic
force coefficients

CL

CD

Cases

Region 1

Region 2

Sub-region 2-1

Sub-region 2-2

TR-CC

[0.7°, 35.7°]

[35.7°, 90.7°]

(35.7°, 50.7°]

(50.7°, 90.7°]

TR-EC-14

[20°, 55°]

[55°, 90°]

[55°, 80°]

[80°, 90°]

[90°, 110°]

TR-EC-16

[20°, 55°]

[55°, 90°]

[55°, 75°]

[75°, 90°]

[90°, 110°]

WTT-14

[15°, 50°]

[50°, 100°]

[50°, 70°]

[70°, 100°]

[100°, 110°]

WTT-16

[15°, 50°]

[50°, 95°]

[50°, 60°]

[60°, 95°]

(95°, 110°]

TR-CC

[0.7°, 35.7°]

(35.7°, 90.7°]

(35.7°, 60.7°]

[60.7°, 90.7°]

TR-EC-14

[20°, 55°]

[55°, 90°]

[55°, 75°]

[75°, 90°]

[90°, 110°]

TR-EC-16

[20°, 60°]

[60°, 90°]

[60°, 70°]

[70°, 90°]

[90°, 110°]

WTT-14

[0°, 35°]

[35°, 95°]

[35°, 70°]

[70°, 95°]

[95°, 110°]

WTT-16

[0°, 35°]

[35°, 95°]

[35°, 60°]

[65°, 95°]

[95°, 110°]

Region 3

Note: TR-CC --- post-transfer CFD simulation results based on CC with rivulet;
TR-EC-14 --- post-transfer CFD simulation results based on CC with rivulet, airflow speed U = 14.0m/s;
TR-EC-16 --- post-transfer CFD simulation results based on CC with rivulet, airflow speed U = 16.0m/s;
WTT-14 --- results from wind tunnel test (Xu et al., 2006), wind speed U = 14.0m/s;
WTT-16 --- results from wind tunnel test (Xu et al., 2006), wind speed U = 16.0m/s;

6.2.3 Frequencies of Aerodynamic Coefficients
In Xu et al. (2006), only the mean aerodynamic force coefficients from the experiments have
been presented, i.e., no frequency analysis about the time-varying aerodynamic coefficients were
reported. Therefore, a comparison will be made herein only between the simulation results. The
frequency components of the time-varying lift and drag coefficients for the associated cases are
plotted in Figure 6-12 and Figure 6-13 respectively, and based on them, a discussion will be made
in the following. It should be pointed out, although it is mentioned in Chapter 5 that the lift
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coefficient CL based on the EC exhibit as single dominant frequency. However, some low
frequency components related to the “beat” phenomenon are still detectable in the associated PSD
analyses, in spite of their relative lower contribution in compassion with the dominant frequencies.

(a) EC with rivulet U = 14.0m/s

(b) EC with rivulet U = 16.0m/s

(c) CC with rivulet, U = 14.0m/s

Figure 6-12: Frequency Components of lift coefficients: elliptical cylinder and circular
cylinder
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(a) EC with rivulet, U = 14.0m/s

(b) EC with rivulet, U = 16.0m/s

(c) CC with rivulet, U = 14.0m/s

Figure 6-13: Frequency Components of drag coefficients: elliptical cylinder and circular
cylinder
For the cases without rivulet, the dominant frequencies of the lift and drag coefficients based
on the CC are fL0_CC = 21.96Hz and fD0_CC = 43.92Hz, respectively. For the results based on the
EC, the dominant frequencies for the lift and drag coefficients are the same, which are fL0_EC14 =
fD0_EC14 = 8.89Hz for U =14.0m/s and fL0_EC16 = fD0_EC16 = 10.22Hz for U =16.0m/s. Apparently,
the dominant frequencies based on the CC are much larger than their counterparts based on the
EC. Moreover, low-frequency components which are less than their associated dominant
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frequencies, have been observed in the results based on the EC, i.e., 4.34Hz in the CD for U =
14.0m/s, 5.11Hz in the CL and CD for U = 16.0m/s.
For the cases with the rivulet, the dominant frequencies of the lift and drag coefficients based
on the EC are the same in most cases, except at only a few rivulet locations such as θ = 50°, 60°
& 65° (U = 14.0m/s) and θ = 60°& 75° (U = 14.0m/s). Due to the rivulet and its locations, they all
vary in the vicinity of the dominant frequency of the corresponding cases without rivulet. However,
more low-frequency components (within the range of 3.08Hz~4.43Hz for U = 14.0m/s and 4.34Hz
~5.44Hz for U = 16.0m/s, respectively) are present in both CL and CD, when the rivulet is located
within a range of θ = 50°~85°, and even act as the dominant frequency in the CD, such as 4.47Hz
at θ = 60° for U = 14.0m/s, 5.08Hz at θ = 60° and 4.60Hz at θ = 75° for U = 16.0m/s.
For the results based on the CC, the dominant frequency fD_1 is within a range of 42.75 ~ 43.07
for the post-transfer θ = 0.7°~35.7°, which is still two times of the corresponding dominant fL_1,
like in the corresponding case without rivulet. At θ = 40.7°, the fD_1 drops to 9.99Hz, which is
around a half of fL_1 = 19.98Hz. Additionally, the low frequency 9.99Hz is also present in the CL.
For the post-transfer θ = 45.7°~90.7°, the fD_1 becomes equal to the fL_1, and both of them vary in
the range of 15.24Hz ~ 21.24Hz. The low-frequency components are also present, but only in the
CD with a relative larger θ, such as 9.49Hz at θ = 65.7°, 9.16Hz at θ = 70.7° and 9.40Hz θ = 75.7°.
A low frequency component 5.56Hz is present at the post-transfer θ = 45.7° too, but with a slight
role in comparison with fD_1, as shown in Figure 6-5 (Note: the corresponding pre-transfer rivulet
position in Figure 6-5 is 65° ).
In summary, the dominant frequencies of the time-varying aerodynamic force coefficient (i.e.,
CL & CD) based on the EC are significantly lower than those of the counterparts based on the CC.
The simulation results based on both two approaches show apparently that the dominant
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frequencies of the CL and CD can be affected by the rivulet and its locations. In particular, some
low-frequency components which are much less than their dominant frequencies has been widely
found for the rivulet at certain locations and therefore been summarized in Table 6.3. It is clearly
shown that such low-frequency components are present more frequently in the results based on the
EC than those based on the CC. Additionally, they may appear in the lift and drag coefficients
simultaneously and therefore will be kept even after the transformation. However, they cannot be
observed simultaneously in the results based on the CC. In the results based on both two
approaches, such low-frequency components can be found acting as the dominant frequency of CD.
However, it is more frequent in the results based on the EC. Moreover, the low-frequency
components exhibited in the results based on the EC are in the range of 3.08~4.47(U =
14.0m/s)/4.60~5.08(U = 16.0m/s), which are very close to the lower-order natural frequencies of
the porotype stay cable, while the counterparts shown in the results based on the CC are much
larger.
Table 6.3: Low frequency components presented in the aerodynamic force coefficients of the 2D
EC/CC with rivulet (Unit: Hz)
EC

No Rivulet

CC (Post-transfer)

θ = 50°

θ = 60°

θ = 65°

θ = 75°

θ = 80°

θ = 85°

θ = 90°

θ = 95°

θ = 30.7°

θ = 40.7°

θ = 45.7°

θ = 55.7°

θ = 60.7°

θ = 65.7°

θ = 70.7°

θ = 75.7°

3.08

4.06

4.22

4.17

5.08

5.04

4.60

4.75

9.99*

5.56

9.16

9.40

3.08

CC
CL

9.99

EC-14
EC-16

4.41
5.11

CC
CD

EC-14

4.34

4.41

4.47*

EC-16

5.11

4.39

5.08*

9.49
4.06

4.72

4.60*

5.44

Note: CC --- simulation results based on CC with rivulet, airflow speed U = 14.0m/s;
EC-14 --- simulation results based on CC with rivulet, airflow speed U = 14.0m/s;
EC-16 --- simulation results based on CC with rivulet, airflow speed U = 14.0m/s;
Results in bold --- frequency shown simultaneously in CL and CD.
Results with * --- dominant frequency.
The rivulet position θ in the table for the CC is post-transfer rivulet position, see Figure B-2 in Appendix B.
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6.2.4 Strouhal Number
Since the Strouhal numbers (i.e., St & St2b) are defined differently, no comparisons will be
made between them herein. However, some common characteristics have been exhibited by them.
As shown in Figure 5-21 and Figure 6-7, the variation patterns of the two Strouhal numbers versus
the rivulet location in the results based on the two approaches are similar. It is worth noting that,
the results based on both two approaches demonstrate that the Strouhal number drops abruptly to
an extremely low level when the rivulet is located at critical positions, i.e., at θ = 60° for the results
based on the EC with U = 14.0 m/s and 16.0m/s, as well as the results based on the CC with U =
14.0 m/s (based on the pre-transfer rivulet position). In general, they are consistent with the
experimental result reported by Ekmekci and Rockwell (2010). Such phenomenon implies an
extremely lower vortex shedding frequency for the rivulet at such critical locations.
6.2.5 Downstream Structure
Similarly, no comparison will be made herein on the downstream structures based on the two
approaches. However, some common characteristics have been presented by them. The Von-Kármán
vortex shedding has been observed extensively in all the cases based on two approaches. As shown
in Figure 5-24 and Figure 6-8, the instantaneous vorticity contours illustrate that the vortical
structures in the wake of both two cylinders could be significantly affected by the rivulet within some
critical range (i.e., Region 2), and therefore result in the variations of aerodynamic coefficients in
magnitude and frequency, as well as in the variation of the Strouhal numbers.
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6.3 Summary
In this Chapter, the results based on the 2D circular cylinder (CC) with the same upper rivulet
have been presented, and subsequently a detailed comparison has been made between the results
based on the two modelling approaches.
(1) Results Based on The 2D CC
Similar to the cases based the 2D elliptical cylinder(EC), the periodically varying aerodynamic
force coefficients based on the 2D CC are also significantly affected not only in average and peak
amplitude, but also in frequency, and such effects are highly related to the upper rivulet location.
More specifically, the mean CL and CD vary slightly for 20°≤ θ ≤ 40° and moderately for 40°<
θ ≤ 55° in comparison with the case without rivulet, indicating minor and moderate influence from
the upper rivulet. For 55°< θ ≤ 70°, the mean CL decreases steeply and attains its minimum at θ =
70°, while the mean CD increases abruptly and reaches its maximum at θ = 70°, and both of them
are far away from their counterparts in the case without rivulet, indicating a significant effect due
to the rivulet. For 70°≤ θ ≤ 100°, with the increasing θ, the mean CL increases steadily and the
mean CD declines steadily, indicating a decaying effect of the rivulet.
For 20°≤ θ ≤ 55°, the CL and CD are slightly affected in the frequency by the upper rivulet. The
dominant frequency of CL (denoted as fL_1) stays within a narrow range of 21.26Hz~21.53Hz,
slightly lower than that based on the case without rivulet (i.e., fL_0) 21.96Hz. The dominant
frequency of CD (denoted as fD_1) is 2.0fL, like in the case without rivulet. However, the CD is
significantly affected at θ = 60°, where the fD_1 drops significantly to 9.99Hz and the fL_1 drops
slightly to 19.98Hz, i.e., fD_1 = 0.50fL. Then the fD_1 rebounds up to 16.90Hz at θ = 65° and becomes
equal to the fL_1. For 65°≤ θ ≤ 110°, the fD_1 is always equal to the fL_1 and they vary within the
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range of 15.46Hz~21.42Hz. In addition to the dominant frequency fD_1, multiple harmonics are
present frequently in the CD for 45°≤ θ ≤ 110°. In particular, some low frequency components,
which are much less than the fD_1, appear with relative high spikes in the PSD plots, and they are
highly associated with the “beat” behavior exhibited by the CD for the rivulet within such range.
Based on the time-varying lift and drag force coefficients, the Strouhal number St of the 2D
CC with the rivulet have been presented. The variation pattern of St versus θ is similar to that of
the fD_1 versus θ. Like in the cases based on the 2D EC with rivulet, some abrupt drop-rebound
behavior has also been observed for the rivulet at some critical location. Specifically, St stays
steadily within a narrow range of 0.243~0.246 for 20°≤ θ ≤ 55°, then it drops significantly to 0.114
at θ = 60°, but rebounds promptly up to 0.193 at θ = 65°, subsequently varies within 0.177~0.243
for 65°≤ θ ≤ 110°. Such observed behavior of St is consistent with the experimental results reported
by Ekmekci and Rockwell (2010).
The instantaneous vorticity contours for the 2D CC without and with rivulet have been
presented. The Von-Kármán vortex shedding phenomenon has been extensively observed in the
wake of the CC. The results illustrate apparently that the vortex pattern has been significantly
affected by the upper rivulet and its location, not only in strength, but also in frequency, especially
for the rivulet within the range of θ = 60°~95°, and it is consistent with the dramatic change
exhibited in the time-varying aerodynamic force coefficients. Moreover, it is worth noting that
the vortex shedding occurs with relatively higher strength and lower frequency for the rivulet at
some critical locations, which may account for the “beat” phenomenon exhibited by the related
drag coefficients.
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(2) Comparison Between Results Based on Two Modelling Approaches
The aerodynamic force coefficients from the current CFD simulations based on the two
modelling approaches have been compared in mean values of coefficients and frequency. Prior to
the comparison, the simulation results based on the EC and CC are all transferred into the same
coordinate system adopted in the experiment by Xu et al. (2006). Subsequently they are compared
with each other, as well with the experimental results reported by Xu et al. (2006).
Overall, the current CFD simulations can capture the behaviors of the mean lift and drag
coefficients (CL&CD) to a certain degree. The variation patterns of CL/CD versus the post-transfer
rivulet position θ from the simulations are roughly consistent with those from the wind tunnel tests.
In particular, many experiments demonstrate that the CL and CD change significantly for the rivulet
at certain locations, especially a region in which the CL exhibits a negative slope. Such critical
rivulet locations (i.e., Region 2 in this research) have been captured through the current CFD
simulations based on both two approaches, but with some discrepancies about the region
boundaries. For the CL, such region from the simulations based on the EC is roughly consistent
with those determined by the experiments, while there are relatively larger discrepancies between
the region from the simulations based on the CC and those from the experiments. For the CD, the
simulations based on the CC predict the region in good agreement with those from the experiments,
however, the simulations based the EC offer a much narrower region.
However, there are large discrepancies in magnitude between the simulation results and the
experimental results. Overall, the simulations based on the CC perform better in predicting the CL
than the simulations based on the EC to some extent, while in predicting the CD, neither of them
perform well. Such discrepancies may be attributed to the three-dimensional spatial effect between
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the cable model and the incoming wind, which is not included in the current two-dimensional CFD
simulations.
The aerodynamic force coefficients based on the two modelling approaches have been
compared in frequency domain too. The simulation results from the both two approaches show
that the dominant frequencies of the CL and CD can be significantly affected by the rivulet and its
location. In particular, low-frequency components, which are much lower than the associated
dominant frequencies, have been widely found for the rivulet at certain locations. Such lowfrequency components are present more frequently in the results based on the EC than those based
on the CC, and they may appear in the CL and CD simultaneously in the results based on the EC,
but rarely in the results based the CC. The PSD analyses shows that they may play an important
role with high peak-amplitudes in comparison with the corresponding dominant frequencies, even
act as the dominant frequency, which is more frequently in the CD based on the EC. Moreover, the
low-frequency components exhibited in the results based on the EC are very close to the lowerorder natural frequencies of the porotype stay cable, while the counterparts shown in the results
based on the CC are much higher.
No comparison has been made on the Strouhal numbers based on the two modelling
approaches (i.e., St and St2b). However, the variation patterns of the two Strouhal numbers (St &
St2b) versus the rivulet location θ are similar. In particular, both St and St2b drop abruptly to an
extremely low level for the rivulet at some critical location, i.e., at θ = 60° in the cases simulated,
and such variation of the Strouhal numbers is roughly consistent with the experimental result
reported by Ekmekci and Rockwell (2010).
No comparison has been made on the downstream structures based on the two approaches. The
phenomenon of Von-Kármán vortex shedding has extensively observed in all the cases based on two
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approaches. The vortical structures in the wake of both two cylinders can be significantly affected
due to the rivulet within some critical range (i.e., Region 2), which can explain the variation of
aerodynamic coefficients in magnitude and frequency, as well as the variation of the Strouhal
numbers.
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Concluding Remarks

7.1 Conclusions
This dissertation aims to investigate the role of the upper rivulet in the Rain-wind-induced
vibration (RWIV) of stay cables and the associated aerodynamic forces acting on stay cables by
the computational fluid dynamics (CFD) method. A new modeling approach, i.e., using a twodimensional skewed elliptical cylinder to represent the inclined and yawed stay cable, has been
proposed, and subsequently numerical CFD simulations have been performed on the new cable
model with focus on the effects of wind speed and the position of upper rivulet. Correspondingly,
the regular modeling approach frequently adopted by other researchers, i.e., using a twodimensional circular cylinder to represent the stay cable, has also been used to simulate on the
same cable model with the artificial upper rivulet. The simulation results based on the two
approaches have been compared with the results obtained from wind tunnel test. Additionally, the
cable model without upper rivulet has also been investigated for contrast. Followings are the main
conclusions drawn from these investigations:
(1) The numerical method-RANS model with SST k-ω turbulence model is applicable for the
simulation of the airflow passing through a two-dimensional (2D) elliptical cylinder (EC) for Re
= 1.314×105~3.943×105, as well as a 2D circular cylinder (CC) for Re = 1.533×105. Therefore, it
can be used to simulate the RWIV.
(2) A kind of “beat” phenomenon has been widely observed in the time-varying aerodynamic
force coefficients of the 2D EC, especially in the drag coefficient CD, for the airflow speed U in
the range of 12.0~18.0m/s. Some extremely low frequency components, which are related to such
“beat” behavior, have been identified with remarkable spikes in the PSD plots, even acting as
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dominant frequency. Moreover, they are highly close to the natural frequencies of the porotype
stay cable for lower order modes, such as the 2nd to 6th mode. Therefore, they may account for the
RWIV and the “dry cable vibration” of stay cables reported by other researchers (e.g., Zuo et al.,
2008).
(3) The simulation results based on the 2D EC show that the mean (i.e., time-averaged)
aerodynamic force coefficients (i.e., CL, CD& CM) vary slightly under the wind speed within the
investigated range U = 6.0~18.0 m/s. For each kind of aerodynamic force coefficients (i.e.,
CL/CD/CM) with the rivulet location θ, the variation patterns under various wind speeds are highly
similar, and the differences due to the wind speed are limited. They are consistent with the
experiment results reported by Xu et al. (2006).
(4) The simulation results also show that the aerodynamic force coefficients (CD & CL) vary
significantly in both magnitude and frequency along with the variation of the upper rivulet position
θ, especially CD. More importantly, like the case with EC only, the “beat” behavior has been
extensively observed in the CD, for the rivulet within a certain “critical” zone (i.e., 50° ≤ θ ≤ 85°).
The extremely low frequency components related to such “beat” behavior also play an important
role in the frequency domain, and even act as dominant frequency. Thus, the upper rivulet can
significantly change the aerodynamic forces acting on the cable model, especially when it falls in
the critical range, and therefore may explain the RWIV.
(5) The simulation results illustrate that the Strouhal number drops to a certain degree for the
rivulet at the “critical” zone under all wind speeds. More importantly, it can drop steeply to an
extremely low level when the upper rivulet is located at some critical position within the range of
60°≤ θ ≤ 75° for U = 8.0~16.0 m/s. Similar results have also been identified experimentally by
Ekmekci and Rockwell (2010) based on a 2D CC. Such low Strouhal number implies the
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occurrence of the low-frequency vortex shedding, and it agrees with the views hold by some
researchers (e.g., Matsumoto et al, 2003) that the RWIV may be explained as a type of vortexinduced vibration(VIV) caused by low-frequency vortex shedding.
(6) The Von-Kármán vortex shedding phenomenon has been observed extensively in the wake
of the 2D EC with and without rivulet. The instantaneous vorticity contours show that the vortex
pattern has been significantly affected by the upper rivulet and its location, not only in strength,
but also in the period, which is related to the dramatic change in the corresponding aerodynamic
force coefficients in both magnitude and frequency, as well as in the Strouhal number.
(7) The comparison between the results based on the two modelling approaches, as well as the
experimental results reported by Xu et al. (2006) show that: (i) the variation patterns of CL/CD
versus θ from the simulations are roughly consistent with those from the wind tunnel tests,
especially a region in which the CL exhibits with a negative slope; (ii) there are large discrepancies
in magnitude between the simulation results and the experimental results, and it may be attributed
to the three-dimensional spatial effect between the cable model and the incoming wind, which is
not included in the current simulations; (iii) the CL and CD based on both two modelling approaches
can be significantly affected by the rivulet and its location, not only in magnitude, but also in
frequency; (iv) the low-frequency components are present more frequently in the results based on
the EC than those based on the CC, and they may appear in the CL and CD simultaneously based
on the EC, but rarely in the results based the CC; (iv) the low-frequency components observed in
the results based on the EC are very close to the natural frequencies of the porotype stay cable for
the lower modes (e.g., the 2nd to 6th mode), while the counterparts shown in the results based on
the CC are much higher.
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To some extent, the new modelling approach presented in the dissertation is better than the
regular approach used by other researcher for simulating the RWIV in 2D, and can capture the
behavior of the aerodynamic forces acting on the stay cable. The current CFD simulations show
that the upper rivulet may play an important role in the RWIV of stay cables, since the associated
aerodynamic forces change significantly because of the rivulet within some critical range, not only
in terms of mean value, but also more importantly in frequency. In particular, low frequency
components have been identified in the aerodynamic forces for the cable model with rivulet at
some critical locations, as well as the cable mode even without rivulet. It indicates that the RWIV
of stay cables may be explained as a type of VIV dominated by low frequency due to the rivulet
at some critical positions, and such type of VIV can happen even without rainfall, which may
explain the “dry cable vibration” observed on site.
7.2 Recommendations for Future Work
As a complicated phenomenon, the RWIV of stay cables has not been well understood yet. The
research work in this dissertation tries to investigate it through the two-dimensional CFD
simulation with a new modelling approach. It is shown that the CFD simulation has some
advantages in providing more detailed results, such as the time-varying aerodynamic forces acting
on the stay cables, the airflow behavior around the cable model, etc. However, there are still large
discrepancies between the current simulation and the experimental results. Further investigation
and more extensive work are recommended in the following for a comprehensive understanding
about the RWIV.
(1) Field observations shows that the occurrence of RWIV is highly related to the spatial
attitude of stay cable with respect to the wind. Many wind tunnel tests also demonstrate that the
aerodynamic forces acting on cable models change significantly along with the varying orientation
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of cable model. However, all the current CFD simulations have been performed based on a
constant cable inclination and a constant wind yaw angle (i.e., α = 30° and β = 30°). For a
comprehensive understanding on the effects of such factors, it is necessary to perform more CFD
simulations on the two-dimensional models generated by various inclinations and yaw angles.
(2) All the current CFD simulation are also based on a constant artificial rivulet, and wind
tunnels tests have demonstrated that the aerodynamic forces acting on cable models are also highly
related to the rivulet size and its shape. Thus, more CFD simulations can be conducted on varying
rivulet sizes and shapes to examine the corresponding aerodynamic force, especially in frequency
domain.
(3) In the current simulations, the cable model was assumed to be static, i.e., no motion was
allowed under the aerodynamic forces. Similarly, the fixed upper rivulet has been adopted.
However, the stay cable oscillates both in-plane and out-of-plane of the cable plane simultaneously
during the RWIV. The rivulet also oscillates circumferentially on the cable surface. Therefore, the
cable motion and the rivulet motion can be incorporated in the further study.
(4) The majority of current theoretical models for RWIV are based on the quasi-steady
approximation, i.e., only the mean aerodynamic force coefficients have been adopted. Unlike them,
the time-varying aerodynamic forces obtained from the CFD simulations can be directly applied
on the dynamic model of stay cable to predict the dynamic response of stay cables during RWIV,
even further to evaluate the mitigation strategies for RWIV, like the effect of dampers.
(5) Although current CFD simulation can qualitatively capture the variation of the
aerodynamic forces versus the rivulet position, large discrepancies in magnitude between the
simulation and the experimental results cannot be eliminated or closed, which is mainly due to the
three-dimensional spatial effect between the cable model and wind. Therefore, it is necessary to
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simulate the cable, the upper rivulet and wind in three dimensions, and make compassions with
the models based on the 2D elliptical cylinder proposed in this dissertation. However, this type of
simulation is very complex and requires significant computation and time resources.
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Appendix A : Time-history of the Lift and Drag Coefficients

A.1 : Lift Coefficient for the 2D Elliptical Cylinder with Upper Rivulet
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(a) No rivulet and rivulet for θ = 20°~60° (U = 6.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 6.0 m/s)
Figure A.1: Time-history of the lift coefficient of the 2D elliptical cylinder with the rivulet
(U = 6.0m/s)
227

(a) No rivulet and rivulet for θ = 20°~60° (U = 8.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 8.0 m/s)
Figure A.2: Time-history of the lift coefficient of the 2D elliptical cylinder with the rivulet
(U = 8.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 10.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 10.0 m/s)
Figure A.3: Time-history of the lift coefficient of the 2D elliptical cylinder with the rivulet
(U = 10.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 12.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 12.0 m/s)
Figure A.4: Time-history of the lift coefficient of the 2D elliptical cylinder with the rivulet
(U = 12.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 14.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 14.0 m/s)
Figure A.5: Time-history of the lift coefficient of the 2D elliptical cylinder with the rivulet
(U = 14.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 16.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 16.0 m/s)
Figure A.6: Time-history of the lift coefficient of the 2D elliptical cylinder with the rivulet
(U = 16.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 18.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 18.0 m/s)
Figure A.7: Time-history of the lift coefficient of the 2D elliptical cylinder with the rivulet
(U = 18.0 m/s)
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A.2 : Drag Coefficient for the 2D Elliptical Cylinder with Upper Rivulet

(a) No rivulet and rivulet for θ = 20°~60° (U = 6.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 6.0 m/s)
Figure A.8: Time-history of the drag coefficient of the 2D elliptical cylinder with the rivulet
(U = 6.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 8.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 8.0 m/s)
Figure A.9: Time-history of the drag coefficient of the 2D elliptical cylinder with the rivulet
(U = 8.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 10.0 m/s)
244

(b) Rivulet for θ = 65°~110° (U = 10.0 m/s)
Figure A.10: Time-history of the drag coefficient of the 2D elliptical cylinder with the
rivulet (U = 10.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 12.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 12.0 m/s)
Figure A.11: Time-history of the drag coefficient of the 2D elliptical cylinder with the
rivulet (U = 12.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 14.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 14.0 m/s)
Figure A.12: Time-history of the drag coefficient of the 2D elliptical cylinder with the
rivulet (U = 14.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 16.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 16.0 m/s)
Figure A.13: Time-history of the drag coefficient of the 2D elliptical cylinder with the
rivulet (U = 16.0 m/s)
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(a) No rivulet and rivulet for θ = 20°~60° (U = 18.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 18.0 m/s)
Figure A.14: Time-history of the drag coefficient of the 2D elliptical cylinder with the
rivulet (U = 18.0 m/s)
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A.3 : Characteristic of Lift and Drag Coefficients for the 2D Elliptical Cylinder with Upper
Rivulet

Figure A.15: Mean of the lift coefficient of the 2D elliptical cylinder with the rivulet
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Figure A.16: Mean of the drag coefficient of the 2D elliptical cylinder with the rivulet
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Figure A.17: Mean of the pitching coefficient of the 2D elliptical cylinder with the rivulet
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Figure A.18: RMS of the lift coefficient of the 2D elliptical cylinder with the rivulet
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Figure A.19: RMS of the drag coefficient of the 2D elliptical cylinder with the rivulet
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Figure A.20: RMS of the pitching coefficient of the 2D elliptical cylinder with the rivulet

259

Figure A.21: Dominant frequency of the lift coefficient of the 2D elliptical cylinder with the
rivulet
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Figure A.22: Dominant frequency of the drag coefficient of the 2D elliptical cylinder with
the rivulet
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Figure A.23: Strouhal number St2b of the 2D elliptical cylinder with the rivulet
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A.4 : Lift Coefficient for the 2D Circular Cylinder with Upper Rivulet

(a) No rivulet and rivulet for θ = 20°~60° (U = 14.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 14.0 m/s)
Figure A.24: Time-history of the lift coefficient of the 2D circular cylinder with the rivulet
(U = 14.0 m/s)
264

A.5 : Drag Coefficient for the 2D Circular Cylinder with Upper Rivulet

(a) No rivulet and rivulet for θ = 20°~60° (U = 14.0 m/s)
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(b) Rivulet for θ = 65°~110° (U = 14.0 m/s)
Figure A.25: Time-history of the drag coefficient of the 2D circular cylinder with the
rivulet (U = 14.0 m/s)
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Appendix B : Transformation of Simulation Results

Two modelling approaches have been introduced in Chapter 4 based on two different cutting
planes (i.e., plane π and π1), and the aerodynamic force coefficients have been defined under
different coordinate systems. Herein, they are transferred into the experimental coordinate system
adopted by Xu et al. (2006).
In Figure B-1 and Figure B-2, the coordinate system OXYZ is the experimental coordinate
system, in which OX is perpendicular to the cable plane ACGE, OY is normal to the cable axis CE
and parallel to the cable plane ACGE and OZ is along the cable axis CE. The coordinate systems
𝑜1 𝑥1 𝑦1 𝑧1 and 𝑜𝑥𝑦𝑧 are adopted in the two modelling approaches based on the two-dimensional
elliptical cylinder (2D EC) and circular cylinder (CC), respectively. The axis 𝑜1 𝑥1 is parallel to
AB, the axis 𝑜1 𝑦1 is parallel to AD’ and the axis 𝑜1 𝑧1 is parallel to AE. The axis 𝑜𝑥 is parallel to the
wind velocity component Urel and thus perpendicular to the cable axis CE, the axis 𝑜𝑧 is along the
cable axis CE. The length of cable model CE is L and all other notations have been defined in
Chapter 4.
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1. Transformation of Results Based on Elliptical Cylinder

(a) Orientation of cable model

(b) Definition of aerodynamic forces

Figure B-1: Coordinate systems and transformation for results based on the 2D EC
The aerodynamic forces acting on the cable model in the coordinate system o1x1y1z1 are
1
𝐹𝑥 = 𝜌𝑈 2 𝐷2 𝐶𝑥 ∙ 𝐿 sin 𝛼
2
1
𝐹𝑦 = 𝜌𝑈 2 𝐷2 𝐶𝑦 ∙ 𝐿 sin 𝛼
2
In which, Cx and Cy are the drag and lift coefficients obtained from the CFD simulations based on
the 2D EC, respectively.
In the coordinate system OXYZ, they are
𝐹𝐿 = 𝐹𝐿′ sin 𝛼 = (𝐹𝑥 sin 𝛽 + 𝐹𝑦 cos 𝛽) sin 𝛼 =
𝐹𝐷 = 𝐹𝑥 cos 𝛽 − 𝐹𝑦 sin 𝛽 =

1 2
𝜌𝑈 𝐷2 (𝐶𝑥 sin 𝛽 + 𝐶𝑦 cos 𝛽) ∙ 𝐿 sin 𝛼 ∙ sin 𝛼
2

1 2
𝜌𝑈 𝐷2 (𝐶𝑥 cos 𝛽 − 𝐶𝑦 sin 𝛽) ∙ 𝐿 sin 𝛼
2

They are also defined as,
1 2
𝜌𝑈 𝐷𝐶𝐿 ∙ 𝐿
2
1
𝐹𝐷 = 𝜌𝑈 2 𝐷𝐶𝐷 ∙ 𝐿
2
𝐹𝐿 =

in which, CL and CD are the lift and drag coefficients in the experimental coordinate system,
respectively.
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For the 2D elliptical cylinder, the length of major axis is
𝐷2 =

𝐷
sin 𝛼

Thus, the post-transfer lift and drag coefficients are
𝐶𝐿 = (𝐶𝑥 sin 𝛽 + 𝐶𝑦 cos 𝛽) ∙ sin 𝛼
𝐶𝐷 = 𝐶𝑥 cos 𝛽 − 𝐶𝑦 sin 𝛽

2. Transformation of Results Based on Circular Cylinder

(a) Orientation of cable model

(b) Definition of aerodynamic forces

Figure B-2: Coordinate systems and transformation for results based on the 2D CC
For the 2D CC, the incoming wind speed in the CFD simulation is Urel and the aerodynamic
forces acing on the cable model in the coordinate system oxyz are
1 2
𝜌𝑈 𝐷𝐶 ∙ 𝐿
2 𝑟𝑒𝑙 𝑥
1 2
𝐹𝑦 = 𝜌𝑈𝑟𝑒𝑙
𝐷𝐶𝑦 ∙ 𝐿
2
𝐹𝑥 =

In which, Cx and Cy are the drag and lift coefficients obtained from the CFD simulations based on
the 2D CC, respectively.
In the coordinate system OXYZ, they are
𝐹𝐿 = 𝐹𝑥 sin 𝜑 + 𝐹𝑦 cos 𝜑 =

1 2
𝜌𝑈 𝐷(𝐶𝑥 sin 𝜓 + 𝐶𝑦 cos 𝜓) ∙ 𝐿
2 𝑟𝑒𝑙
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𝐹𝐷 = 𝐹𝑥 cos 𝜑 − 𝐹𝑦 sin 𝜑 =

1 2
𝜌𝑈 𝐷(𝐶𝑥 cos 𝜓 − 𝐶𝑦 sin 𝜓) ∙ 𝐿
2 𝑟𝑒𝑙

They are also defined as
1 2
𝜌𝑈 𝐷𝐶 ∙ 𝐿
2 𝑟𝑒𝑙 𝐿
1 2
𝐹𝐷 = 𝜌𝑈𝑟𝑒𝑙
𝐷𝐶𝐷 ∙ 𝐿
2
𝐹𝐿 =

in which, CL and CD are the lift and drag coefficients in the experimental coordinate system,
respectively.
Thus, the post-transfer lift and drag coefficients are
𝐶𝐿 = 𝐶𝑥 sin 𝜓 + 𝐶𝑦 cos 𝜓
𝐶𝐷 = 𝐶𝑥 cos 𝜓 − 𝐶𝑦 sin 𝜓
The post-transfer rivulet positon with respect to the axis X (i.e., normal to the cable plane
ACGE, in the leeward direction) is
𝜃 = 𝜃′ − 𝜓
in which, θ’ is the rivulet position in the CFD simulations and ψ is the attack angle.
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